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PREFACE 
This dissertation is an account of research carried out at the Department of Ap-
plied Mathematics, Research School of Physical Sciences, Australian National Univer-
sity, between September 1982 and December 1985. 
Except where otherwise stated, the work is my own. The material in Chapter 4 is 
the result of research carried out in collaboration with Dr J.N. Israelachvili. 
None of the work reported here has been submitted to any other institution of 
learning for any degree. 
J. Marra 
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ABSTRACT 
Direct measurements are reported of the full interbilayer force laws (force vs. 
distance) between bilayers of zwitterionic phosphatidylcholines (PC) and phosphatidyl-
ethanolamines (PE), uncharged galactolipids, anionic phosphatidylglycerols (PG), and 
cationic dioctadecyldimethylammonium surfactants (DOA) in aqueous electrolyte solu-
tions. Bilayers were in each case deposited on molecularly smooth mica surfaces and the 
interbilayer forces then measured at a distance resolution of 1-2 A. Three types of forces 
were identified: attractive van der \Vaals forces, repulsive electrostatic double-layer 
forces, and (at short range) repulsive steric-hydration forces. 
Accurate measurements have been made of the van der \Vaals forces between un-
charged bilayers. In high salt, the van der Waals force between galactolipid bilayers is 
screened to about half its strength in pure water, which agrees with the theoretical 
prediction. On the other hand, the van der Waals force between uncharged PE or PC 
bilayers is already quite weak in pure water. It is proposed that the high concentration 
of ionic groups between the bilayer surfaces may already screen the van der Waals force 
in pure water. 
Double-layer forces between bilayers arise when the bilayers carry a net surface 
charge. This occurs when the arnphiphile headgroups are ionized or, in case they are 
zwitterionic, when ion binding takes place. Fron1 the rneasured double-layer forces as a 
function of the bilayer separation and electrolyte concentration, the binding of various 
cations to PB, PC and PG, and the binding of various anions to DOA surfactants is 
investigated. Excellent agreement of the measured double-layer forces with theory is ob-
tained. Slight deviations only occur at surface separations less than 25 A, which might 
be related to discrete charge effects and/or ion-ion correlation effects. 
A short-range steric-hydration repulsion was observed only bet\veen uncharged 
gaJactoJipid bilayers and Z\Vitterionic phospboJipid bilayers. rfhe short-range repulsion, 
VI 
which balances the van der Waals force at separations of 10-30 A, is apparently due to a 
co1nbination of hydration and steric repulsion, the latter arising frorn thcrrnal motions of 
headgroups and thickness fluctuations of fluid bilayers. No repulsive hydration forces 
were measured between the ionic PG and DOA bilayers. 
It is sho\vn that for two bilayers in "contact" at. their equilibrium separation, their 
adhesion energies vary on addition of salt due to changes in the repulsive double-layer 
and hydration forces rather than to a change in the attractive van der Waals force. 
Also, it is concluded that bilayer fusion is not simply related to the interbilayer 
force-law, but must be related to a structural instability of the membrane (see also Horn 
(1984)). 
An idea about the relative intrabilayer interactions and the equilibrium headgroup 
area of the amphiphiles in bilayers is obtained by comparing the monolayer compression 
isotherms for different electrolyte solutions. It emerged that a correlation between inter-
bilayer and intrabilayer interactions can only be drawn to a limited extend, which is 
mainly due to the complexity of the short-range forces and counterion specificities in-
volved in the intrabilayer interactions. 
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Table of Contents 
PREFACE ii 
PUBLICATIONS iii 
ACKNOWLEDGEMENTS iv 
ABSTRACT v 
CHAPTER 1. THE INTERACTIONS BETWEEN AMPHIPHILIC 1 
SURF ACES: GENERAL OVERVIEW 
1.1 INTRODUCTION 1 
1.2 DOUBLE-LA YER FORCES 4 
1.3 THE ELECTRICAL DOUBLE-LA YER FREE ENERGY OF A 10 
CHARGED AMPHIPHILIC MONOLA YER AT THE 
AIR/WATER INTERFACE 
1.4 VAN DER WAALS FORCES AND HYDROPHOBIC FORCES 11 
1.5 HYDRATION FORCES 14 
1.6 AIMS AND OUTLINE OF THIS WORK 15 
CHAPTER 2. MATERIALS AND EXPERIMENTAL METHODS 18 
2.1 MATERIALS 18 
2.2 SURF ACE TENSION MEASUREMENT TECHNIQUE 19 
2.3 LANGMUIR-BLODGETT DEPOSITION TECHNIQUE 21 
2.4 THE DIRECT FORCE MEASUREMENT TECHNIQUE 22 
CHAPTER 3. FORCES BETWEEN GALACTOLIPID BILAYERS 28 
3.1 INTRODUCTION 28 
3.2 RESULTS 28 
3.2.1 Monolayer Compression Isotherms and Langmuir- 28 
Blodgett Deposition 
3.2.2 Thickness of the Deposited Bilayers and Operational 29 
Definition of the Bilayer-Water Interface 
3.2.3 Van der Waals Forces and Hydration Forces between 31 
Galactolipid Bilayers 
3.3 DISCUSSION 35 
CHAPTER 4. FORCES BETWEEN BILAYERS OF THE ZWIT- 39 
TERIONIC PHOSPHOLIPIDS PC AND PE IN AQUEOUS 
SOLUTIONS 
4.1 INTRODUCTION 39 
4.2 RESULTS 40 
4.2.1 Monolayer Compression Isotherms of PC and PE 40 
4.2.2 Deposition of PE and PC Bilayers onto Mica 42 
4.2.3 The Bilayer-Water Interface and the Bilayer Thickness 45 
4.2.4 Forces in Pure Water 47 
4.2.5 Forces in Monovalent Electrolyte Solutions 51 
Vlll 
4.2.6 Forces in Divalent Electrolyte Solutions 54 
4.2. 7 Fusion 61 
4.3 DISCUSSION 63 
CHAPTER 5. FORCES BETWEEN MOLECULES IN MONOLAYERS 72 
AND BETWEEN BILAYERS OF PHOSPHATIDYLGLYCEROL 
5.1 INTRODUCTION 72 
5.2 RESULTS 74 
5.2.1 Monolayer Compression Isothern1s of DMPG and DSPG 74 
5.2.2 Langmuir-Blodgett Deposition of PG on Mica 74 
5.2.3 Forces between DSPG Bilayers 75 
5.2.4 Forces between DMPG Bilayers 81 
5.2.5 The Contraction of a DMPG Monolayer at the Air-Water 84 
Interface following Addition of CaCI? 
5.3 DISCUSSION - 85 
CHAPTER 6. EFFECTS OF COUNTERION SPECIFICITY ON THE 89 
INTERACTIONS BETWEEN QUATERNARY AMMONIUM 
SURF ACT ANTS IN MONOLAYERS AND BILAYERS 
6.1 INTRODUCTION 89 
6.2 RESULTS 92 
6.2.1 Monolayer C0111pression Isotherms 92 
6.2.2 The Deposited Headgroup Area 93 
6.2.3 Forces between DOA Bilayers 94 
6.3 DISCUSSION 99 
CHAPTER 7. SUMMARY OF THE RESULTS AND POTENTIAL 102 
FOR FUTURE STUDIES 
7.1 SUMMARY AND CONCLUSIONS 102 
7.2 POTENTIAL FOR FUTURE STUDIES 106 
BIBLIOGRAPHY 110 
CHAPTER 1 
THE INTERACTIONS BETWEEN AMPHIPHILIC 
SURF ACES: GENERAL OVERVIEW 
I.I INTRODUCTION 
I 
In the past decade, considerable progress has been achieved in the determination of 
surface forces, in particular their range and magnitude (lsraelachvili, 1985a). At the 
current level of understanding, an arbitrary distinction is usually made between 
long-range forces and short-range forces. Long-range forces cornprise the electrostatic 
double-layer force and the electrodynamic van der Waals force. Their properties form 
the basis of the DLVO theory (Verwcy and Overbeek, 1948) which is regarded as a 
cornerstone of colloid science. A 1nuch lesser understood long-range force which only 
recently has been measured between hydrocarbon surfaces in water (Israelachvili and 
Pashley, 1982) is the strongly attractive hydrophobic force. 
Additional short-range forces arise from the differences rn the organization and 
structuring of solvent molecules near the surfaces as cornpared to solvent molecules in 
the bulk of the solution, and are generally referred to as salvation forces. Of particular 
interest is the tight association and/or polarization of water molecules near hydrophilic 
surfaces like phospholipid bilayers (Lis et al., 1982a) and the adsorption of hydrated ions 
to mineral surfaces (e.g. day) (Van Olphcn, 1977; Pashley, 1981). These phenomena 
give risr to a strongly repulsive and/or oscillatory short-range force called the hydration 
force. \iVhereas continuu1n theory is quite able to explain the general properties of 
long-range forces, the rnolccular nature of solvent 1nolecules 1nust be considered to 
explain short-range forces. 
A knowledge of the forces between amphiphilic surfaces such as lipid bilayers and 
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surfactant monolayers across water is necessary for understanding the properties of 
many colloidal and biological systcrns. The interaction between micelles, vesicles and 
surfactant coated colloidal particles determines whether they remain dispersed or 
whether they aggregate and/or precipitate out of solution. Effective detergent action 
and the formation and stability of soap films, foams, and liquid-crystalline surfactant 
phases are ultimately dependent on these interactions as well. In the spontaneous 
formation process of surfactant aggregates like vesicles and micelles, the shape and the 
size of the assemblies in concentrated solutions bears a relationship to the interaction 
between them (Brady et al., 1985). More generally: the explanation of the phase 
behaviour of surfactant/water and surfactant/water/oil systems (e.g. microemulsions) is 
only possible from a consideration of the interactions existing in these systems. 
ln the biological area: membrane-membrane and vesicle-rnembrane interactions 
underlie all phenomena involving intermembrane coupling such as adhesion, membrane 
stacking, and fusion. They are relevant to the understanding of biological phenomena 
like endocytosis, exocytosis, fertilization, and cell recognition in immunological 
processes. In the field of neurobiology, the trans1nission of i1npulses across a synapse 
seems to be related to the aggregation and fusion of synaptic vesicles along the 
presynaptic membrane (Gray, 1973). In the area of photosynthesis, it is believed that 
the stacking of thylakoid membranes is involved in the photophosphorylation process 
(Punnett, 1970; Chow et al., 1981). 
Many biological membranes contain 50% or n1orc protein by weight, and given 
that these proteins often protrude beyond the lipid hcadgroups, it is clear that when two 
membranes approach each other, it are the proteins that 'see each other first' and so arc 
likely to do1ninatc intern1crnbranc interactions. Th(' observations that the aggregation 
and fusion of 1nc1nbranes is often protein specific (r~akcr et al., 1980; I-long ct al., 1982) 
and that the fusion of rnodel rnernbranes can be triggered by microrr1olar amounts of 
Ca2 t only in the presence of Ca-specific proteins further enhance this vie\V. On the 
other hand, fusion also occurs bet\veen pure phospholipid bilayers (J>apahadjopoulos, 
1978; Ohki, 1982; Cohen et al., 1982; Ahkong et al., 1975), and many lipids (e.g. 
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lywlecithin, phosphatidylcthanolarnine, etc.) are effective fusogens. The role of lipids 
rr1ay therefore not be a purely passive one~ and it is almost certain that the total 
interaction between any tv..'o real membranes is a cooperative process involving the 
concerted action of both the lipids and proteins. 
Apart from intermembrane interaction, also intrarr1embrane interactions deserve 
attention. One can distinguish between lateral interactions in the hydrocarbon interior 
of the bilayer and lateral interactions in the polar headgroup region of the bilayer. The 
hydrophobic bilayer interior is a relatively homogeneous region of hydrocarbon chains 
interacting through fairly well-understood van der Waals attractive and steric repulsive 
forces (Seelig and Seelig, 1974; Marcelja, 1974; Schindler and Seelig, 1975; Gruen, 1980). 
By contrast, the hydrophilic polar headgroup region containing hydrated and/or ionized 
charged groups in contact with the aqueous medium is far less understood. Here the 
interactions are very different, and include steric interactions, dipolar and electrostatic 
forces involving specifically bound and free countcrions, strongly associated water and 
hydrogen bonds. All these factors contribute to the physical state of the bilayer surface. 
I_,ateral interactions between n1olecules determine the effective shape of the 
molecules (Israelachvili et al., 1976; Mitchell and Ninham, 1981; Ninham et al., 1983) 
and their self-assembly into aggregate structures. A detailed knowledge of the effective 
shape of the molecules allows us to predict size and geometry of the aggregates. In 
mixtures of amphiphiles, the often observed phase separation of the molecular species is 
a consequence of differences in the lateral interactions bet\veen the species (Findlay and 
Barton, 1978). In a nun1b('r of cases, the fusion bet\veen phospholipid vesicles has been 
explained as the result of a difference in lateral interactions between the lipid 
headgroups on the inner membrane leaflet and between the lipid headgroups on the 
outer n1err1brane leaflet of the vesicle, leading to a structural instability of the rr1e1nbrane 
(Cohen et al. 1 1980; I..iiao et al., 1979). Long-range interactions determine \vhcthcr t\vo 
vesicles in thernial motion ran approach each other close enough to come into adhesive 
contact, possibly followed by fusion which mixes the contents of the two vesicles. Thus 
the complete fusion proc('ss rnay be a co1nplcx one, involving both inter- and 
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intra-bilayer interactions. Because both types of interaction are largely determined by 
the chemical nature and properties of the bilayer surface, it can be anticipated that 
correlations exist between these two (Israclachvili and Sornette, 1985). Together, these 
forces give bilayers and membranes their highly versatile and complex properties. 
1.2 DOUBLE-LA YER FORCES 
Many amphiphilic molecules carry an electrical charge due to ionization of or ion 
binding to the polar headgroup. When the amphiphiles assemble into aggregates like 
bilayers, the inter-bilayer interaction is to a large extent determined by the electrostatic 
forces between the bilayers. In this section, the relevant formulae will be given that 
describe these forces. The present approach follows the procedure given by Chan, 
Pashley and White (1980). 
In an electrolyte solution, an electrically charged surface gives rise to a diffuse 
space charge of opposite sign near the surface. It extends some distance into the solution 
and essentially screens the surface charge. The properties of this so-called diffuse 
double-layer charge arc described by the Gouy-Chaprnan theory (Verwey and Overbeek, 
1948). 
Now, when two charged planar surfaces approach each other, at son1e distance the 
diffuse double-layers of the surfaces will overlap, giving rise to an electrostatic repulsion 
between the surfaces. The repulsion is caused by the perturbation of the isolated diffuse 
double-layers of the surfaces through the presence of the other surface, which increases 
the free energy and can be treated as an osn1otic pressure bet\veen the L\VO surfaces. 
This osmotic pressure is related to the the difference in ion concentration in the region 
between the surfaces con1pared with the bulk concentration. \,Vhen the distribution of 
ions in this region is known, it becomes possible to calculate the surface rr-pulsion. 'I'his 
can be done by applying the Gouy-Chapman model of the diffuse double-layer, which 
uses the Poisson equation 1,o describe the potential gradient bcL\veen the surfaces: 
( 
(1) 
p(x) is the local net space charge density of io11s (of both sign) in a rnediurn of dielectric 
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constant t (t = 80 for aqueous media). 1/'(x) is the 111can local electrostatic potential. In 
the special case of two equally charged surfaces, it is obvious that the potential profile 
and ion distribution bet\veen the surfces must be symmetric about the midplane x = rn 
between the surfaces. Then, Eq. (I) easily allows us to calculate the charge density u on 
the surface, since the total accumulated space charge in the x direction per unit area 
from x ==- 0 to x = m must balance the surface charge per unit area, i.e. 
<J = -Jx=m p( x )dx = 
x=O [ 
< d,Pl x=m t (d,P) 
411" dx x=O = - 411" dx x=O· (2) 
Using the Boltzmann distribution for each ionic species ni with a bulk concentration 
ni(oo) and a valency zi, we have for ni(x): 
ni(x) = ni(oo) exp(-zie,P(x)/kT). (3) 
Together with the charge density equation 
(4) 
we can integrate Eq. (1) to obtain the potential profile and the ion distribution between 
the surfaces. Of course, the results must be symmetric about the midplane between the 
two (equally charged) surfaces. 
Now, the interaction pressure bct\veen the charged surfaces is equal to the osmotic 
pressure IT at the midplane between the surfaces according to 
IT= kTL(ni(m) - ni(oo)), 
i 
(5) 
where ni(m) is the concentration of ion 1 i~ at the 1nidplane x = rn \Vhere a potential 1/i(m) 
exists. Using Eq. (3) at x = m, \Ye obtain that 
(6) 
Thus, the problem reduces to that of finding 1/J(m). 
Let us now consider a single i:z electrolyte species. The scaled Poisson-J3olLzmann 
equation (Eq. (!)combined with Eqs. (3) and (4)) for the potential distribution between 
two planar charged surfaces is given by 
d2Y 
-- = sinhY 
dX2 
6 
(7) 
where Y is the scaled potential ze1)1(x)/kT and X 1s t.}w scaled distance 1<x measured 
from the midplane between the surfaces with 
2 87rn(oo)z2e2 K, = . 
tkT ' (8) 
(1<-l is the Debye screening length). A first integration of Eq. (7) yields 
(9) 
With Q defined as 
Q = [2(coshY- coshY mlJ 112. (10) 
Y m is the scaled mid plane potential. Now, 
dQ sinhY 
dY Q 
Sgn(Ym)[(Q2 ) 2 ]1/2 
Q z + coshY m - 1 ( 11) 
Eq. (9) combined with Eq. (11) gives 
dX = [(Q2 . coshY )2 -ll-1/2 
dQ 2 T m ( 12) 
At the midplane, both Q = 0 and X = 0. ·If we know the value of Q = Q, at the 
surfaces, then for a given starting value of Y m' we can integrate Eq. (12) from Q = 0 to 
Q = Q, numerically. From the given Q5 , the scaled distance X = Xs is obtained and 
hence the surface separation D = 2X,/1< for the given starting value of Yrn. At that 
surface separation, the double-layer repulsion is given by 
IT(D) cc 2n(oo)kT(coshYm - l). ( 13) 
1'hus, a set of values (D, \' m) can be generated. The interaction energy per unit surface 
area, l~(D), is nun1erically con1puted frorn 
E(D) = !Doo IT(!J)dD. (14) 
7 
In the present study, interactions bct.\veen charged an1phiphilic surfaces have often 
been measured in solutions containing a mixture of 1:1 and 2:1 electrolyte, i.e. NaCl and 
I 
CaCI2. Suppose we have a total er concentrat.ion [Ct] ~ n, then [Ca2+] = 2 n {1 - a) 
and [Na+] = an, if a denotes the fraction of the c1- concentration which comes from the 
presence of NaCl electrolyte. From Eq. (6) we now derive that at the midplane 
1 1 
fl= nkT[(exp<Y m> + aexp<-Ym> + 2(1 - a)exp<-2Y m>) - 2(3 +a)] 
= nkTp {15) 
where pis a "dimensionless pressure". 
Taking X = KX with 1<2 = 41l'e2n{3 - a)/{kT<), we obtain from Eqs. {1) and (3) 
that again 
{16) 
with Q now defined as 
( 17) 
Note that 
dQ ey- e-Y _ {1 - u)e- 2Y 
dY {3 - a)Q {18) 
From Eq. {16) and {18) we finally derive 
dX Sgn(Y}(3 - a) 
dQ (ey - ae-Y - {I - a)e_2y)· ( 19) 
In Eq. (19), Eq. {17) must be used to get e yin terms of Q. Once this is done, the values 
X 5 = K.D /2 can again be generated as a function of the given Q5 at the surfaces for a 
given starting value of Y 
01
. 
It rerr1ains to be indicated ho\v the value Q5 at. the surface 1s detern1ined. This 
depends on the type of boundary conditions: 
(i) Constant. surface potential 41,. In this case Q5 is calculat.Pd directly from 
Eqs. ( 10) or ( 17) taking Y = Y 
5 
\vhich is independent of the surf'ace separation. 
(ii) Constant surface charge a. Frorn Eq. (2) \\'C s~e that this condition leads to a 
constant. value of {dY /dXJx~x, i.e. 
s 
(dY) 4rre dX X=X = <kTr;, . " 
" 
and Q5 follows from Eq. (9) or Eq. (16). 
8 
(20) 
(iii) Surface charge regulation. The previous two boundary conditions are extreme 
cases and often do not describe the boundary conditions of real surfaces adequately. In 
recent years, it has become apparent that ions may well adsorb to or desorb from 
charged surfaces as they interact (Pashley, 1981). This situation is somewhere in 
between the two extremes of constant charge and constant potential. 
In the following chapters, we will deal with two types of charged amphiphilic 
surfaces: zwitterionic surfaces which acquire a net charge through the binding of 
cations; and ionic surfaces whose charge is reduced through the binding of counterions. 
Both cases will be discussed here to derive the boundary conditions. 
a. Zwitterionic Surfaces 
Here, each amphiphile headgroup is intrinsically uncharged. When specific binding 
of say Ca2+ takes place on the headgroups, this binding can as a first approximation be 
described through the intrinsic binding constant Kea' using a mass action law relating 
the ion concentration in the bulk [Ca2+]
00 
to the number density of bound ions 
[SCa2+]0 on the bilayer surface. The intrinsic binding constant Kea for the reaction 
where [Sula is the surface density of unbound neutral an1phiphiles, is given by 
K ------
Ca - [S,,Ja[Ca2+Jo 
[Sca2+Jexp(2Y,) 
l8ulolCa2+!00 
(21) 
(22) 
Herc, Eq. (3) has been used to relate [Ca2+j0 to [Ca2 +-] 00 • For the charge density we 
have 
-- 2 "'C 2+] a - el.::i a. 0 (23) 
and for the total a1nphiphilc density [S] 0 \Ve have 
{24) 
Combining E:qs. (22)-(24), we derive 
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which is the required boundary condition (for any surface separation). Thus, with a 
given value for Y , any value of Q at the surface generates a surface separation D 
m s 
which is consistent with an existing surface potential and surface charge according to 
Eq. (25). Of course, this procedure is only possible when Kea' [Ca2+] 00 and [S] 0 are 
known quantities. 
b. Ionic Surfaces 
Here, the charge on the bilayers originates from the ionized headgroups of the 
amphiphiles. An example is phosphatidylglycerol which carries one negatively charged 
phosphate group at pH CO'. 7. The bilayer charge can be reduced through specific binding 
of say Na+ and Ca2+ ions. We then can define intrinsic binding constants KNa and 
Kea for the reactions 
(26) 
analogous to Eq. (22). Here, [s-] 0 is the surface density of charged unbound headgroups. 
1..,he equation for the surface charge <I becoines 
(27) 
and for the total amphiphile density we now have 
(28) 
With these conditions, the required boundary condition can easily be derived Lo be 
Kc, [Ca2+J - exp(2Y) a. co s o.e:rp(Y8 ) 
---------- -
KNa[Na+j
00 
+ 2exp(Y
8
) (e[SJo - o)' (29) 
Of course, a sin1ilar equation is valid \vhen the binding of 1-l+ and Ca2·+· ions is 
considered or \\'hen the binding of say (~r or so~-ions to a cationic bilayer con1posed of 
quaternary arnn1oniun1 surfactants is investigated. 
111 the following chapters, \VC \vill analyse thC' experirncntally measured force's 
JO 
between charged bilayers as a function of their separation. What essentially will be done 
is that the measured double-layer interactions arc analysed \vith the given formulae in 
this section, which allow us to fit a binding constant with which it becomes possible to 
obtain at each surface separation a surface potential and surface charge consistent with 
Eq. (25) or Eq. (29). 
At this stage, it is worthwhile to point out the various implicit assumptions made 
in this section. The Gouy-Chapman theory treats the ions as point charges, assumes a 
smeared out surface charge, and takes the dielectric constant < to be independent of the 
electric field and ion concentration. Also, in writing down Eq. (26), it has been assumed 
that Ca2+ does not bridge two adjacent amphiphiles but binds on single headgroups 
only. We will be able to see from the fit of the experimental results to the theory 
outlined whether these assumptions are reasonable or not. 
Finally, the recent theoretical work of Guldbrand et al. (1984) and Kjellander and 
Marcelja (1985a) indicates that we should expect deviations from the standard 
Poisson-Boltzmann treatment of the double-layer force 1 in particular for divalent 
counterions at small surface separations and high charge densities. They attribute these 
deviations to correlations bet\veen the counterions in the double-layer and correlated 
fluctuations between the ions adsorbed on both surfaces, leading to an extra attractive 
interaction (similar to the van der Waals dispersion force type) which has a strength at 
least comparable to the conventional van der \Vaals attraction. 110\vever, the theory has 
not been worked out completely and an unresolved issue is the deconvolution of the ion 
binding pheno1ncnon and the ion-ion correlation effect \vhicli both lead to a reduction in 
the double-layer force. We will return to this issue in the Chapters ·1, 5 and 6. 
1.3 THE ELECTRICAL DOUBLE-LAYER FREE El\ERCY 
OF A CHARGED AMPHIPHILlC MONO LA YEH 
AT THE AIR/WATER INTERFACE 
VVhen a monolayer is spread on \vatcr in a Langn1uir trough, the n1011olayer 
COITJpreSSJOn isothcrrn Can be !TleCLSllfCd \Vhich gives f.he surface presSUfC fl as a function 
of the headgroup area of the a1nphiphilf's. In general, the expansion of tlic n1ouolayf'r 
\Vill depend on the electrolyte species and concentrations present in the subphasc. 
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Because the compression isothcrrn provides an insight into the lateral interactions 
existing between adjacent amphiphiles, it is of interest to calculate how much of the 
measured surface pressure is due to diffuse double-layer contributions only. 
The theory for a single charged surface gives the diffuse double-layer contribution 
!T'1 to the surface pressure fl of a charged monolayer as 
l 1,Ps IT' = 0 a .d,P s' (30) 
where 1/>
8 
is the potential of the outer Helmholtz plane, i.e. the plane from where the 
diffuse double-layer charge originates. In the presence of a Stern layer, the value for 1/>s 
will be different from the actual surface potential. 
The general expression for a in terms of 1/>s is (at 25 ° C) 
Sgn(,Ps)e( [ (ez;l/>s) ])1/2 
a= ~n-exp --- -1 
273 L, ' kT ' 
J 
(31) 
\vhere ni should be expressed in moles/litre, gives a in units C/A2. In the general case of 
a mixture of 1:1 and 2:1 electrolyte, Eq. (30) has to be integrated numerically, using Eq. 
(31). When only a 1:1 electrolyte is present or when the 2:1 electrolyte concentration is 
much smaller than the 1:1 electrolyte concentration, Eq. (30) is integrated readily to 
1 4kT(y1n) [ (el/>3 ) l II" = cash - - 1 
273 2kT ' (32) 
a result first obtained by Payens (1955). Here JT'1 has dimensions J/A2. In Eq. (32) we 
can substitute the value of 1/>
8 
which is obtained from the analysis of the measured 
double-layer forces between bilayers of the same amphiphiles. It should be noted, that 
here the JT'1 only accounts for contributions from the diffuse double-layer. When a 
Stern layer is present, the total "electrostatic surface pressure" will be larger (see 
Chapter 6). 
1.4 VAN DER WAALS FORCES AND HYDROl'HOI3IC FORCES 
Attractive interactions play an irnportant role in the stabilization of amphiphilic 
aggregates, in particular biological assemblies. Biological assemblies are built up from a 
mixture of lipids 1 proteins and polysaccharides, which interact 'vith each other in a 
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co1nplicated way. ]fow these molecules can form stable assemblies like membranes, cells, 
cell organelles, etc., is one issue. The other issue deals with the interactions between the 
separate assemblies, which stabilize or destabilize them as building blocks of biological 
tissues. 
The first issue is to a large extent accounted for by the hydrophobic interaction. 
The hydrophobic interaction (Franks, 1973) is a strong long-range attractive interaction 
between hydrocarbon molecules in water and has been shown to be stronger 
(Israelachvili and Pashley, 1982) and therefore more important than the van der Waals 
attraction alone. It is responsible for the low solubility of hydrocarbon in water and is 
probably involved in the conformation of proteins (Kauzmann, 1959). Although a clear 
theoretical description of the hydrophobic interaction is still lacking, it is believed to be 
caused by the strong, entropically unfavourable orientation of water molecules near 
hydrocarbon molecules. 
The second issue is accounted for by an interplay of van dcr Waals forces, 
electrostatic forces, and hydration and steric forces. The hydrophilic headgroups of the 
amphiphiles face the water phase, and determine to a large extent the interaggregate 
interactions. The hydrophobic interior is shielded by these headgroups from the water 
phase so that no long-range hydrophobic attraction is expected and only attraction 
through the van der Waals interaction will remain. Therefore it should be the van der 
Waals attraction which is either partly or totally responsible for adhesion (Parsegian, 
1973), and membrane stacking (Sculley et al., 1980). Because van der Waals 
interactions arc the result of the attraction bctv~1 een the interiors of the aggregates across 
water, the interaction is (apart from the influence of the aggregate geometry) largely 
non-specific. A modification of the non-specificity of the van dcr \\7aals interaction may 
be expected to corne from the interfacial region, and an exaruple of that \\'ill be presentPd 
in this thesis. 
The non-retarded van der V\1aals interaction energy E(D) per unit area betwePn 
two half-spaces separated from each other by a distance D can be given by the Hamaker 
equation 
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A 
E(D) = - , 
J2ir v 2 
(33) 
where A is the non-retarded Hamaker constant. 
According to Lifshitz theory (Parsegian and Ninham, 1970; Mahanty and Ninham, 
1976) the non-retarded Hamaker constant can be written as 
A = A(T) + A(disp). (34) 
A(T) represents the temperature-dependent part, and A(disp) the dispersion part of the 
total Hamaker constant. In the presence of electrolyte, the temperature-dependent term 
will be screened (Davies and Ninham, 1972; Mitchell and Richmond, 1973), the 
temperature-dependent term now reflecting correlations between the fluctuations in the 
Onsager-Samaris profiles of the ionic species set up by image effects. For 1<D « 1 (pure 
water), with 1<-l the Debye screening length (Eq. (8)), the form of A(T) for two 
hydrocarbon slabs interacting across water is given by the limiting expression 
A(T) = ~4 kT( cw -chc) 2, 
lw + lhc 
{35) 
where tw and the represent the dielectric constants of \\.:at.er and hydrocarbon at zero 
frequency, respectively. A(T) can easily be calculated to have a value of about 
3 x 10-21 J. Using refractive index data for water and hydrocarbon (Parsegian and 
Ninham, 1970), Lifshitz theory also predicts a similar value for .A(disp), so the 
theoretical value for the net hydrocarbon/water Hamaker constant A is about 
6 x 10-21 J. 
In the presence of electrolyte, the expression for A(T) becomes quite complicated. 
However, for 1<D > 2 the expression becomes simplified (Mahanty and Ninham, 1976) 
and (to about 10~1a accuracy) is given by 
A(T) = A(T,1< = 0)·21<De- 2 ~D. { 1 + 0 c/:D) + ... } · (36) 
In other words, theory predicts that the ternperature-dependent attractive van der 
Waals force should be screened and essentially disappear by KO > 2 on addition of 
electrolyte. The dispersion part remains unaffected by electrolyte. 
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Eq. (33) is only valid for short surface separations, say less than 40 A. Beyond 
that distance, retardation sets in which makes the interaction less than what is predicted 
by Eq. (33). Under those circumstances, the full Lifshitz theory must be used to 
describe the van der Waals interaction properly. 
1.5 HYDRATION FORCES 
Taking into account only attractive van der Waals and repulsive double-layer 
forces (DLVO theory; Verwey and Overbeek, 1948), we expect that in the absence of any 
strong double-layer repulsion - as would arise for nonionic and zwitterionic headgroups 
or in high salt for charged amphiphiles - all surfaces would come into strong irreversible 
adhesive contact with no water re1naining between them. That this does not occur is 
due to the existence of an additional strongly repulsive short-range(< 3 nm) force, 
commonly referred to as a salvation force or (in \Vater) a hydration force \vhich has no\v 
been found to occur in several systems. In particular, this force occurs between nonionic 
surfactant bilayers with polyoxyethylene headgroups (I.G. Lyle and G.J.T. Tiddy, 
unpublished work), between zwitterionic lipid bilayers (see Chapter 4), and between 
galactolipid bilayers (see Chapter 3). Their highly hydrated headgroups ensure that 
their bilayers and vesicles will not adhere strongly, let alone fuse, even under conditions 
where there is no repulsive double-layer force. 
Repulsive hydration forces bet,veen two surfaces arise whenever there are strongly 
hydrated surface groups. As the two surfaces approach each other, the water between 
them must be removed to the bulk solution. For the hydrated surface groups, this is 
energetically unfavourable, and appears as a repulsive force between them (Parsegian et 
al., J979). 
lfydration forces can be intrinsic to a surface, or they can be regulated. Thus, 
between uncharged zwitterionic bilayers, they are mainly intrinsic since the hydrophilic 
headgroups are covalently attached Lo the surfaces. Regulated hydration forces (or 
"secondary hydration forces") occur between surfaces containing charged or ionic groups 
where the cations or anions bound to these surfaces can be regulated (ion exchanged) by 
changing the solution conditions; and since different ions have different hydrations, the 
hydration forces themselves are thereby also regulated (Pashley, 1981). 
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The range of the hydration forces so far rr1casured between amphiphilic surfaces is 
2-3.5 nm, below which the force rises steeply, dominating over the van der Waals and 
double-layer forces. 
Concerning theoretical interpretations of hydration forces, the literature is 
confusing and the matter wide open. Continuum mean-field theories of solvation forces 
in general and hydration forces in particular predict an exponential force-law (Marcelja 
and Radie, 1976; Gruen and Marcelja, 1983; Jonsson and Wennerstrom, 1983). Helfrich 
(1978) and Sornette and Ostrowsky (1984) have however noted that thermal curvature 
fluctuations of fluid bilayers will give rise to a repulsive 'steric' or undulation force that 
is also exponentially repulsive, whose strength depends on the fluidity (e.g. the curvature 
modulus) of the interacting bilayers. Meanwhile, .Jonsson and Wennerstrom (1983) have 
proffered yet anot.her interpretation of these forces based on the electrostatic interaction 
between the lecithin headgroup dipoles ( Z\vitterions) on one surface with their images 
reflected by the opposing surface. Again, an exponential repulsion is predicted 
depending now on the positional correlations between headgroups in each bilayer. 
Finally, Kjellander and Marcelja (1985b) have investigated the influence of the 
dipolar nature of zwitterionic surfaces on the water structure near the surfaces. 
According to their theory, the electric field between the oppositely charged groups on the 
bilayer surface strongly orientates the water molecules in the vicinity of the surface. 
When these bilayers are brought together, the water structure becomes disturbed which 
is energetically unfavourable, resulting in a repulsion. 
\\
7 e rnay mention that Monte-Carlo and molecular dynamics studies of solvation 
forces \vhere the discrete molecular nature of the solvent is taken into account, predict 
an oscillatory force-law with distance. \.\1e return to reassess these differing theoretical 
views in later chapters. 
l.6 AIMS AND OUTLINE OF THIS WORK 
The aim of this \Vork is to acquire an insight into the interactions (>Xisting between 
phospholipid bilayers and surfactanL bilayers. The earliest work in this area has been 
done by Lyklema and Mysels (1965) and Clunie et al. (1967), which involved soap films 
16 
where the pressure across the aqueous layer was measured as a function of the water 
layer thickness. In later work, measurements have been carried out of the osmotic or 
hydrostatic "swelling" pressures between stacked multi-bilayers of phospholipids, the 
bilayer spacings being monitored by X-ray diffraction (Le Neveu et al., 1976, 1977; 
Parsegian et al., 1979). All these methods have in common that they only can measure 
repulsive forces. In the present work, use is made of the direct force measurement 
technique developed by Israelachvili, which has previously been used extensively to 
study the forces between molecularly smooth mica surfaces. With this technique, also 
the forces between two CTAB bilayers adsorbed from solution on mica have been 
measured (Pashley and lsraelachvili, 1981). In the present study, these mica surfaces are 
coated with a bilayer of amphiphiles using the Langmuir-Blodgett deposition technique. 
With this technique, the supporting mica surfaces do not interfere with the bilayer 
interactions, while the surface smoothness is retained. The present experin1ents extend 
the work by Horn (1984) on the measurements of repulsive, attractive and adhesive 
forces between amphiphilic surfaces and should be of interest to biologists, colloid 
chemists and physicists. 
Jn summary, Chapter 2 discusses the experimental procedures. Chapter 3 deals 
with the interactions between uncharged galactolipid bilayers which are of particular 
interest for measuring the van der Waals force and its screening through electrolyte. 
Chapter 4 describes the measured interactions bet\vecn Z\vitterionic bilayers. Here, 
special attention is given to the van der \\7aals interaction, the steric-hydration force, 
and the binding of divalent cations which gives the bilayers a finite surface charge. The 
results give an insight into the origin of the short-range steric-hydration force and the 
molecular nature of the Z\vitt.erionic surfaces. Chapter 5 presents results on the forces 
between charged plwsphatidylglycerol bilayers. They permit a detailed investigation of 
the DLVO theory, since at high pH the surface charge is known a priori. Some evidence 
is obtained concerning the existence of ion-ion correlation effects. Finally, Chapter () 
describes the forces bet\veen bilayers of double-chained quaternary amn1oniu1n salt 
surfactants. They arc of interest for the study of the effects of counterion specificity on 
17 
the spontaneous formation process of vesicles. Both Chapters 5 and 6 discuss the 
correlations between interbilayer interactions and intrabilayer interactions. The latter 
interactions are studied by recording the monolayer compression isotherms on different 
electrolyte solutions. An evaluation of the obtained results and suggestions for potential 
future studies in this field are given in Chapter 7. 
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CHAPTER2 
MATERIALS AND EXPERIMENT AL METHODS 
2.1 MATERIALS 
High purity synthetic L-a-dilauroylphosphatidylcholine (DLPC), L-a-dimyristoyl-
phosphatidylcholine (DMPC), L-a-dipalmitoy lphosphatidy !choline (DPPC), L-a-distear-
oylphosphatidy lcholine (DSPC), L-a-dipalmitoylphosphatidylethanolamine (DPPE), 
L-a-dimyristoy lphosphatidy !glycerol (DMPG), and L-a-distearoy I- phosphatidy !glycerol 
(DSPG) were purchased in lyophylized powder form from Avanti Polar Lipids Inc. 
(Birmingham, Alabama). Plant monogalactosyldiglyceride lipids (MGDG) and plant 
digalactosyldiglyceride lipids (DGDG) were purchased in chloroform-methanol solution 
from Lipid Products (Nutfield Nurseries, Surrey, U.K.). The galactosyl diglycerides 
were reported to be mostly 18:3 and of purity 993+. All lipids were used without 
further purification. Dioctodecyldimethylammomium bromide surfactants (DOA) were 
Eastman (Rochester, New York) and purified by recrystallization from acetone. Fig. 1 
gives the headgroup structure of all these amphiphiles. 
Hexane-ethanol mixtures or chloroform were found to be suitable spreading 
solvents for all amphiphiles. All organic liquids were distilled twice before use. Water 
was purified in the follo\ving consecutive steps: distillation, trcatrnent overnight with 
activated charcoal, filtration through a 0.05-µrn-pore size nucleopore filter, and a final 
distillation from an all-pyrex still. 
Amphiphiles were spread on an all-Teflon Langmuir trough standing in a dust,-frpe 
larninar flow cabinet. A 9:1 hexane-ethanol spreading solvent was used to spread the 
phosphatidylcholincs and the quaternary amrr1onium bromide surfactants. Dl~PE \Vas 
spread froin a 4:1 hexane-ethanol rnixturc. Complete dissolution of Dl)f>E in this 
spreading solvent was only possible by heating the solution up to 40 ° C. Galact.olipids 
PC 
PE 
DGDG 
o-
H I + 
HC-0-P-O-CH -CH -N(CH ) I II 2 2 33 
R-0-CH 0 
I 
R-O-CH2 
H3C-CH2-(CH 2)16"'- + /CH3 
,...-N"'-o- H3C-CH2-(CH2)16 CH3 
H I + 
HC-O-P-0-CH -CH -NH I II 2 2 3 
B-0-CH 0 
I 
R-0-CH2 o-H I 
HC-0-P-O-CH -CHOH-CH OH 
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I II 2 2 
CH:PH R-0-CH O PG O~, R-0-~H 
~0-CH2 
OH 0~0-C(H2 
OH HC-0-R 
I 
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Fig. 1: Headgroup structure of phosphatidylcholine (PC), phosphat.idylethanolamine 
(PE), digalactosyldiglyceride (DGDG), phosphatidylglycerol (PG), and dioc-
tadecyldimethylammonium surfactant (DOA). 
molecule in its headgroup. 
MGDG has only one sugar 
were dried by evaporation under a strea1n of N2 and redissolved in the spreading solvent 
hexane (for MGDG) or a 9:1 mixture of hexane-ethanol (for DGDG). Phos-
phatidylglycerols were dissolved and spread from chloroform. 
After spreading the amphiphiles on water, the spreading solvent was allowed to 
evaporate for 5 min. before surface pressure versus headgroup area (ll-A) isotherms were 
measured or before the monolayer was compressed to the surface pressure at which 
Langmuir-Blodgett deposition of the lipids was done. 
2.2 SURFACE TENSION MEASUREMENT TECHNIQUE 
rfhe surface tension of the monolaycr was rneasured \vith the "maximum force on a 
vertical rod" method as described by Padday et al. (1975). The method is based on the 
fact that if a cylindrical rod is pulled up through a liquid surface, it lifts up some liquid 
before finally detaching (see Fig. 2). As 1.he rod is raised, its apparent weight as 
measured by a balance rises to a maxin1u1n value and then falls prior to detaching. The 
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surface tension is obtained directly frorr1 this rnaximum \veight (after an a<lj11stn1ent for 
the weight of the rod). The rod was hung by a fine thread from under a bottom-loading 
balance of sensitivity 1 mg. This balance rests on a platform that can be raised or 
lowered smoothly at (variable) speeds down to about 1.0 mm/min and in this way pulls 
the rod up through the liquid surface at a regulated speed. 
BALANCE 
H 1.l 
iJ' 
0 
rod 
Fig. 2: Schematic drawing of the Langmuir trough. The surface tension 1s measured 
with a vertical cylindrical rod, attached to a bottom-loading balance. Langmuir-
Blodgctt deposition of monolayers or bilayers of lipids is done on two small mica 
surfaces, glued on glass discs v.rhich are clamped in two tweezers. The t\veezers are 
attached to a horizontal steel arm which can be raised or lowered at a speed of 
0.2 mm/s. For the calibration depositions, the arm supports a large mica sheet 
(not shown). 
The method does not require any know ledge of the contact angle of the liquid 
attached to the rod. Use was made of a stainless steel rod of diameter 0.5 cm with sharp 
circular edges. After consulting the tables given by Padday ct al. (1975) it was found 
that the surface pressure of a monolayer at the air-water interface at 21 ° C depends on 
the maximum weight of water W underneath the rod according to 
[/ = -0.544·W + 92.556, where II is in dyne/cm and W is expressed in mg. With this 
rr1cthod, surface pressures can be n1easured which are accurate to 0.5 dyne/cm. 
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2.3 LANGMUIR-BLODGBTT DEPOSITION TECHNIQUE 
Calibration depositions of Langmuir-nlodgett lipid films onto molecularly smooth 
mica sheets of length 10 cm and width 2 cm were carried out giving a total mica surface 
area of 40 cm2. Each sheet was attached with two small alligator clips to a horizontal 
steel arm (see Fig. 2) which could be raised or lowered at a speed of 0.2 rnm/s. 
After sweeping the water surface in the trough several times to remove any 
surface-active contaminants, the mica was irnrnersed in the water keeping its sides 
vertical with respect to the water surface. When the mica was fully immersed in the 
water, a monolayer was spread on the water surface. After allowing the spreading 
solvent to evaporate, the monolayer \Vas compressed until some desired surface pressure 
was reached at \Vhich deposition \vas carried out. 1~o deposit the lipids, the mica was 
raised vertically through the air-water interface keeping the surface pressure constant by 
slowly moving the barrier over the surface. When the mica was fully removed from the 
water, it was dried for 20 min. in the air of a larninar flow cabinet. Measurement of the 
contact angle of a water droplet on a DPPE monolaycr-covcred mica surface showed an 
advancing contact angle of 106 °. From this it follows that the surface has become 
hydrophobic. Clearly, the polar headgroups are directed towards the mica, while the 
lipid hydrocarbon tails are facing the water phase. Comparing the total mica surface 
area with the surface area in the trough swept by the barrier during deposition (in order 
to keep the deposition pressure constant) gives the average headgroup area per 
amphiphile on the mica. The headgroup area per amphiphile in the trough at a certain 
surface pressure is obtained frorr1 the IT-A isoth<~rrri. 
A second layer of arnphiphiles can now be deposited by lowering the 
monolayer-covered surface into the Langrnuir trough at constant surface pressure until it 
is fully in1rncrsed. The headgroup area in the second layer is again fou11<l by measuring 
the surface area swept by the barrier during dc>position. 
Deposition of the first and second layers \Vas attcrnpted at such surface pressures 
(not necessarily equivalent to each other) that the amount of lipid deposited was not too 
sensitive to the applied surface pressure, at the same tin1e giving a headgroup area in the 
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second layer which corresponds with reported equilibrium headgroup areas in lipid 
bilayers or vesicles. 
When the forces between two deposited bilayers were to be measured, deposition 
was done onto two small molecularly smooth mica sheets previously glued on two 
cylindrically curved glass discs (sec next section). The glass discs with the mica sheets 
were clamped in two tweezers attached with clips to the movable horizontal steel arm 
(see Fig. 2) and deposition was done in the same way as with the large mica sheets. It 
was assumed that the headgroup area of the deposited amphiphiles was equal to the 
values obtained from the calibration deposition experiments using the larger mica sheets. 
Once the bilayers are deposited, the glass discs can not be retracted from the water 
as this causes the second layer to desorb. For this reason, the glass discs were put in 
5-ml glass beakers standing under water in the Langmuir trough as shown in Fig. 2. 
The force measurement apparatus was filled with water the previous day and the water 
was presaturated with amphiphiles from a crystal to prevent desorption of the bilayers 
from the mica during the subsequent experiment. In this way, thermodynamic 
equilibrium was established between amphiphiles in solution and amphiphiles in the 
bilayers. After removing the front plate from the apparatus the glass discs are 
transferred under \Vater frorn the trough to the force measurement apparatus where they 
are mounted under water. Finally, the front plate is bolted to the front of the apparatus 
which closes it off so that direct force measurements can now be carried out. 
2.4 THE DIRECT FORCE MEASURJC!\1ENT TECHNIQUE 
The force measurement device developed by Israelachvili rneasures the force 
between t\vo n1ica surfaces in a crossed cylinder configuration as a function of the surface 
separation. A detailed account of the technique has been given before (Israelachvili and 
Adams, 1978) and in this section, only a brief summary will be presented. 
The basic apparatus is shown in Fig. 3. It. has a removable front plate with a 
nurnber of inlets used for filling and draining the apparatus. rrhe mica surfaces a.re 
1nounted on two silica-glass discs with cylindrically polished surfaces facing each other 
with the cylinder axes perpendicular to one another. The mica sheets are first carefully 
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cleaved frorn 1arge thick mica sheets, so that they have a uniforrn thickness of a few 11m 
and a surface area of about 0.5 cm 2. Once cleaved, they are immediately placed on 
another freshly cleaved but thicker larger sheet (the backing sheet) where they are held 
down firmly by strong adhesive forces. Thus, one side of the mica sheets is protected 
from contamination. The exposed side of the mica sheets is then silvered by vacuum 
evaporation with a 480 A thick highly reflecting layer of pure silver. Then, two silvered 
mica sheets of equal thickness are picked up from the backing sheet and glued down on 
the silica discs using a Shell epoxy resin 1004 thermosetting glue (silvered sides down). 
After the Langmuir-Blodgett deposition of amphiphiles on the mica is carried out, one 
disc is mounted on a rigid support, the other is positioned, facing the first one, on the 
end of a spring with a known spring constant {see Fig. 3). 
The distance between the two surfaces is measured by use of an optical technique 
using "multiple beam interference fringes" (or fringes of equal chrorriatic order, FECO 
(Israelachvili, 1973)). The mica sheets with their outer surfaces silvered, together with 
the intervening medi1nn form a symrnctrical three layer interferometer. If the two 
surfaces are in contact and white light is passed normally through, then the emerging 
light consists of discrete wavelengths .\~ (n = 1,2,3, ... ) which can be separated and 
measured as sharp fringes in an ordinary grating spectrometer relative to the wavelength 
of the mercury green and yellow lines. If the two mica surfaces are then separated by a 
distance D, these fringes shift to longer wavelengths .\~given by 
( 27rµD) tan ---
.\D 
n 
(37) 
\Vhere + refers to odd order fringes (n odd) and - refers to even order fringes (n even). 
p. = µ1nica/ µ, where µmica is the refractive index of mica at ..\~, and µ the refractive 
index of the rr1ediurn bet\veen the t\vo mica surfaces at ..\~. The fringe order is calculated 
using the formula 
_ ;.O /F (.\0 _ ;.O) 
n -· n-1 n n-1 n 
Ji' = 
n 
l 
1.024 + -. 
n 
(38) 
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Fig. 3: Schematic drawing of the force measurement apparatus. The force is measured 
between t\VO molecularly smooth curved surfaces in liquid with a surface separa-
tion resolution of~ 1 A2 using white light and multiple beam interferometry. The 
mica surfaces are glued onto two optically polished silica-glass discs. The lower 
disc is mounted on a double-cantilever force-measuring spring whose stiffness can 
be varied by .a factor of 1000 by shifting the position of the dove-tail clamps using 
the positioning rod. This spring can be replaced by any of the other non-variable 
springs shown above. The spring shown at the right has the advantage of being 
non-tilting and non-shearing which is important \VhPn large surface forces are 
present. 
By use of Eq. (37), both the distance D and the medium refractive index 11 can be 
dclerrnined independently by measuring the shifts in wavelengths of an odd and an even 
fringe. The accuracy is often as good atl l A for I). 
Because rnica is birefringent, the fringes generally appear as doublets, the 
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separation of which depends on the relative crystallographic orientation of the two mica 
sheets. \Vavelength measurements are perforn1ed on one of these components only and 
the refractive index for this component is calculated from the separation of the doublet 
and a knowledge of the mean refractive index of the mica, which in nature exists as 
brown mica or green mica. The mean refractive index of brown and green mica is 
reported (Israelachvili and Adams, 1978) as 
4.76 x 105 
µBrown = 1.5820 + 
4.76 x 105 
µGreen= 1.5930 + D. . (-'ni2 I II (39) 
If the mica sheets were exactly parallel, the fringes would appear as vertical lines 
in the spectrometer. Because of the crossed cylinder geometry, which to leading order is 
equivalent to a sphere on a flat, the shape of the fringes is parabolic. The entrance slit 
of a spectrometer samples a cross-section of the surfaces defined by the positioning of a 
two prism system used to direct the light beam into the spectrometer. By using a 
system of three prisms, a cross-section of the surfaces at right angles to the first can be 
studied. This allo\vs the measurement of the radii of curvature in two perpendicular 
directions from the shapes of the parabolic fringes during an experiment. The mean 
radius of curvature is calculated by taking the geometric average (R1 R2)1/ 2 of the two 
radii (typically 1-2 cm). Thus, the fringe profile seen in the spectrometer essentially 
reflects the shape of a slice through the curved surfaces and gives information on the 
local radius of curvature as well as on surface deforn1ations occurring under the influence 
of strong forces. The lateral resolution is of the order of a few microns and is limited by 
the magnification of the optical system (about 25x in these experiments). Because the 
refractive index of the medium bct\veen the surfaces can be measured, it also provides a 
method for the determination of the quantity of material deposited or adsorbed on the 
surfaces \Vhcn its refractive index is kno\vn beforehand. Finally, from the shapes of the 
two initially curved surfaces any adhesive deformation and fusion of bilayers can be 
directly monitored with ti1ne during the course of an experiment. 
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The distance bctv,reen the tv.1 0 surfaces is controlled by use of a three stage 
mechanism of increasing sensitivity. The coarse control uses a stepper motor attached 
to the upper rod in Fig. 3 which allows a positioning to within 1 µrn; the medium 
control consists of a synchronous motor connected to the lower rod and allows 
positioning to about 10 A. A piezoelectric crystal (which expands or contracts vertically 
by ~ 5 A per volt applied axially across the cylindrical wall of the rigid support) is used 
for the final positioning to about 1 A. 
Given the facility for moving the surfaces toward or away from each other and, 
independently, of measuring their separation each with a sensitivity or resolution of 
about 1 A, the force measurements themselves now become straightforward. The force 
is measured by expanding or contracting the piezoelectric crystal by a known amount 
and then measuring optically how much the two surfaces have actually moved. Any 
difference in the two values when multiplied by the stiffness of the measuring spring 
gives the force difference between the initial and final positions. In this way, both 
repulsive and attractive forces can be measured \Vith a sensitivity of about 10 mdyne, 
and a full force-law can be obtained over any distance. 
Jn the present study, an important experimental advance is the introduction of a 
variable spring (see Fig. 3). This was particularly useful in the measurement of van der 
Waals forces between uncharged amphiphile bilayers (see Chapters 3 and 4). When two 
surfaces approach each other and the gradient of the surface force equals the spring 
constant, an instability occurs and the surfaces suddenly jump into contact (see Fig. 4). 
By varying the spring constant \Ve obtain the gradient of the attractive force as a 
function of the surface separation at \Vhich they ju1np into contact. Also, the surfaces 
will jump apart. from each other at a surface separation where the gradient of the 
interaction force equals the spring constant. .Frorn Fig. 1 \vhich gives the typical 
interact,ion force bet\veen two uncharged bilayer surfaces, it 1s seen that this occurs 
almost exactly at the minirnurn locat<~d at D --- 0 0 in the force versus distance curve. 
The force measurements between the cylindrically curved bilayers are quantita-
tively analyzed using the Derjaguin approximation (Derjaguin, 1934). When two 
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Fig. 4: Schematic picture of the interaction force between two uncharged lipid bilayers 
as a function of the distance D bet\veen them. The anhydrous bilayer /water inter-
face is located at D = 0, and the effective van der Waals plane is at DvDW = 0 
(see also Chapter 3). When the bilayers are brought together, they jump into con-
tact from D = Dj as indicated by the arrow where the gradient of the interaction 
force equals the spring constant K. Upon separation of the bilayers, they jump 
apart from D = 0 0. 
crossed cylindrically curved surfaces of radii Rat a separation D exert a force F(D) on 
each other, then according to the Derjaguin approximation, the equivalent interaction 
energy E(D) between two flat surfaces per unit area is related to F(D) by 
E(D) F(D) 27rR ( 40) 
provided that R » D. In the present experiments, the bilayers have a radius of curvature 
of about 1.5 cm. Interactions bet\veen bilayers \Vere only n1casurable at surface 
separations less than 2000 A, so that. the Dcrjagujn approximation should be valid. 
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CHAPTER3 
FORCES BETWEEN GALACTOLIPID BILAYERS 
3.1 INTRODUCTION 
Galactosyl diglyceride lipids are the most abundant lipids in plant cell thylakoid 
membranes. The recent neutron diffraction work by R.V. McDaniel (unpublished) has 
elucidated the bilayer structure of DGDG. He reports the polar headgroups of DGDG 
to be orientated approximately parallel to the plane of the bilayer and also identified the 
existence of a hydration force using the osmotic stress technique described by Le Neveu 
et al. (1976, 1977) and Parsegian et al. (1979). 
In the present study, the emphasis will be on the measurement of the attractive 
and adhesion forces between galactolipid bilayers, which are inaccessible with the 
osmotic stress technique. The short-range hydration forces and the monolayer 
compression isotherms of l\IG DG and DG DG were studied as well. The simultaneous 
measurements of the monolayer compression isotherms and the interbilayer forces are 
important to understand the packing properties of galactolipids in highly curved bilayer 
membranes like the inner thylakoid margins in plant cells (Murphy, 1982). 
3.2 RESULTS 
3.2.l Monolaycr Compression Isotherms and Langmuir-Blodgett Deposition 
Fig. 5 gives the measured rnonolayer con1pression isothcrrns of the galactolipids. 
Both monolayers are seen to be of the liquid-expanded type which must be a 
consequence of unsaturation of the hydrocarbon chains. That the DG DG monolayer is 
slightly more expanded than the one of MG DG is probably the result of the difference in 
the sizes of their headgroups. 
Fig. 6 gives the deposition of the galactolipids at various surface pressures on a 
first layer of DPPE which was deposited at a deposition pressure of 33 dyne/cm giving 
29 
40 
E 
-\( 
Q) 30 c 
;>, 
3:? 
Q) 
L 
:::J 
U1 20 U1 ~ 
Q_ 
Q) 
u 
0 
- 10 L 
:::J 
lf) 
0 70 80 90 100 110 
Headgroup 
•2 
area [A) 
Fig. 5: Monolayer compresswn isotherms of monogalacotyldiglyceride (MGDG) and 
digalactosyldiglyceride (DGDG) at 21 ° C. 
nse to a deposited headgroup area of 42 A2. This first layer of DPPE appeared to be 
particularly suitable for the deposition of a second layer of lipids especially when they 
exist in the fluid phase {see Chapter 4). \\'e see in Fig. 6 that beyond a surface pressure 
of 26 dyne/cm, the headgroup area of the deposited galactolipids becomes the same as 
the head group area of the galactolipids at the air /water interface. Although the 
equilibrium headgroup area of these lipids in a bilayer is uncertain, it was assumed that 
this area is about 72 A2 for 1v!GDG and 75 A2 for DGDG. To obtain these headgroup 
areas, the deposition of the galactolipids \Vas done at 32 and 35 dyne/cm, respectively. 
3.2.2 Thickness of the Deposit.ed Bilayers and Operational 
Definition of the Bilayer-\Vater lnt.Prfacc 
l3cfore describing results of force n1casurernents b<:_'L\v<~en bilayer surfaces at the 
angstrom level, it is appropriate first to establish \vherc these surfaces arc. This point is 
particularly important for bilayers because unlike solid surfaces, they arc fluid and 
dynarnically rnobile-characterized by t.h<'rnH-11 undulations and fluctuations of t.he 
bilayers as a whole, the hydrocarbon-water interface and the protruding headgroups. 
The configuration of the bilayers deposited on the L\vo apposing rr1ica surfaces is 
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Fig. 6: Deposition of the galactolipids MGDG and DGDG as second layers on a first 
layer of DPPE, where the DPPE is deposited at a headgroup area of 42 A2. 
shown schematically in Fig. 7 where the interbilayer separation is defined by D. D = 0 
corresponds to hypothetical contact with no water left between the two bilayers. Of 
course, in practice headgroup penetration into the aqueous space and the hydration force 
needed to fully dehydrate them may be so large that D = 0 is never attained, but this 
does not alter the convenience of this operational definition of D, which is the same as 
that adopted by Le Neveu, Rand, Parsegian, Lis, and co-workers for describing 
interbilayer forces in zwitterionic multibilayer systems using an osrnotic stress technique. 
Using a liquid hydrocarbon density of 0.80 (the value for octadecane) we calculate 
for the volume of the hydrocarbon chains of two 18:3 galactolipid molecules in the fluid 
phase a value of 2200 A 3. This is added to the volume of two propanediol-
molecules-241 A3 (glycerol backbone) and the volume of two galactose molecules 
(46.5 A3 per HCOH group)-558 A3. With a headgroup area of 72 A2 for MGDG, this 
results in an anhydrous MGDG bilayer thickness T = 42 A. For a DGDG bilayer with a 
headgroup area of 75 A 2, an anhydrous bilayer thickness T = 47 A is calculated in the 
sarnc way. 
As is seen m Fig. 7, the distance D follows from the definition D = T 1 - T. The 
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calibration of 1\ = 0 was conveniently accomplished at the end of an experiment by 
slowly draining the apparatus of \vater \vhich removes the second monolaycr, exposing 
only the hydrophobic first layer, and then bringing these two monolayers into contact in 
air. These manipulations allow the position of D = 0 to be pinned down in each 
experiment which is also required to obtain the distance range of the short-range 
hydration force, i.e. the distance between D = 0 and D = D0 in Fig. 4. At D = D0, the 
two curved surfaces jump apart from each other under a pull-off force. Then according 
to Eq. ( 40) 
BF(D)/R = z,,.(aE(D)) 
aD aD D=Do 
= 2irPps(D0) 
= 0. ( 41) 
PFs(D0) is the interaction pressure between flat bilayers in contact with each other at a 
distance D = D 0. In adhesive contact there exists a balance between the repulsive 
hydration forces and the attractive van der Waals forces. Hence the distance D = D0 is 
equivalent to the equilibrium separation between planar bilayers \Vhere the net 
interaction pressure is zero. It also corresponds to the difference between the (by X-ray 
or neutron diffraction) rneasured repeat spacings in n1ultibilayer systems at 100% 
hydration and at 0% hydration (after an adjustment for the change in the anhydrous 
bilayer thickness itself) which has been used by Le Neveu et al. (1976, 1977) and Lis et 
al. (1982a) to establish the distance range of the hydration force in zwitterionic 
multibilayer systems, and by McDaniel in DGDG multibilaycr systems. 
3.2.3 Yan dcr Waals Forces and Hydration 
Forces between Galactolipid Bilayers 
Since galactolipids are uncharged, there is no electrostatic double-layer force to be 
expected. This was indeed confirmed in the cxperirncnts. The absence of electrostatic 
interaction also proves that the n1ica docs not interfere \vith the rr1easured surface forces. 
'fhis is due to the fact that \vhen a rnonolayer is deposited on the mica, the rriica is 
raised through t.hc air/water interface into the air where the whole system has to be 
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Fig. 7: Definition of distances and refractive indices for two planar surfaces with an ad-
sorbed or deposited bilayer on each. For two cylindrically curved surfaces of 
radius Rat a distance D apart, the force F(D) between them is related to the in-
teraction energy per unit area E(D) bet\veen t\VO planar surfaces by 
E(D) = F(D)/2irH (Derjaguin, 1934). 
electrostatically neutral. The countcrions of the initially charged rn1ca surface arc 
trapped bct\veen the mica and the rnonolayer. \Vhcn brought back into the \vatcr phase 
to deposit a second layer, the rnica can not become dissociated any n1ore since ions frorn 
the n1ica surface are unable to cross the lipid bilayer. l1ence, surface forces essentially 
originate frorn the bilayer surfaces. 
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'fhe van dcr Waals forces were measured using the variable spring method which, 
as discussed in the previous ChaptPr, allo\Vs the measurernent of the gradient of the 
surface force with respect to bilayer separation. The spring stiffness could be varied over 
about three orders of magnitude. Taking the (non-retarded) van der Waals interaction 
according to Eq. {33) and applying Eq. ( 40), it follows that for each spring constant K, 
an inward jump occurs at 
D ·= (AR)l/3 
J 3K ( 42) 
Strictly, Dj represents the distance from where the surfaces jump relative to the van der 
Waals plane DvDW = 0. In the case of two interacting mica surfaces, the definition of 
DvDW = 0 where the attraction becomes infinitely large, presents no problem. 
However, as we have seen, the lipid/\vater interface is not unambiguously defined and it 
is not obvious either that the van der Waals plane should coincide with D = 0, because 
of the very possibility of headgroup penetration into the aqueous region beyond D = 0. 
Hence, the best thing to do at this stage is to define the van der Waals plane as an 
effective lipid/water interface with respect to the van der Waals interaction, and which 
is to be determined experimentally. 
The distance Dj can also well be different from the distance over which the 
surfaces jump before coming to rest {see Fig. 4). This arises when short-range repulsive 
forces begin to dominate the interbilayer interaction beyond DVDW = 0. Because the 
location of DvDW = 0 is unknown beforehand, the distances Dj were measured relative 
to D = 0. Then a plot of (R/3K) 1/ 3 versus Dj yields A from the slope (independent of 
Dvnw = 0), and Dvnw = 0 relative to D = 0 is obtained from the extrapolated 
intercept with the horizontal axis (infinite spring constant). 
Of course, this procedure is only justified provided Eq. (33) holds for all distances 
down to Dvnw = 0. Rigorously, Eq. (33) is only valid for two interacting uniform 
halfspaces. In our system, the bilayers have a thickness of about. 45 A. Besides, the 
influence of the van dcr \\'aals interaction fron1 the mica on \Vhich the bilayers arc 
deposited has to be taken into consideration. IIowever, according to Ninham and 
Parsegian (1970), when the bilayer separation is less than the bilayer thickness, the 
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influence of the underlaying mediu1n is small and can be ignored in a first 
approxin1ation, at the same tin-1e taking the bilayers as halfspaces. This approximation 
holds the better, \Vhen the Han1aker constants of the two media across water are not too 
different from each other (the non-retarded l-lamaker constant for mica across water is 
about three times larger (Israelachvili, 1985a) than the one for hydrocarbon across 
water, which should not be too serious). 
Fig. 8 gives the distances between DG DG bilayers from which they jump into 
contact in pure water as a function of (R/3K) 1/ 3. The same figure also gives the jump 
distances in the presence of 0.2 M NaCl. It is seen that below D = 4 nm a straight line 
can be drawn through the experimental points which indicates that in that region the 
interaction indeed can be described by Eq. (33): 
Extrapolation of the straight lines to (R/3K) 1/ 3 = 0 cuts the distance axis at 
D = 6 A, both in pure water and in the presence of 0.2 M NaCl. As discussed above, 
this is the location of the effective van der Waals plane of origin Dvow = 0. 
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Fig. 8: Inward jump experiments between two deposited DGDG bilayers. The crosses 
(x) represent the jun1ps in pure \Vater. 'fhe open symbols (o) represent the jurnps 
in the presence of 0.2 NJ NaCl. In each case, the effective plane of origin of the van 
dcr Waals force is located at D = (i A. 
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From the slope of the two cur\.:cs in }<'ig. 8, the Harnakcr constants were calculated 
to be A= 7.5 ± 1.0 x 10-21 J in pure water and A= 3.1 ± 0.6 x 10-21 J in 0.2 M NaCL 
The decrease of the Hamaker constant upon addition of NaCl is most likely due to the 
screening of the temperature-dependent contribution to the van der Waals interaction as 
predicted by Lifshitz theory (Davies and Ninham, 1972; Mitchell and Richmond, 1973). 
At jump distances exceeding D = 50 A, it is seen in Fig. 8 that the experimental points 
begin to deviate from the straight line which is likely to be the result of retardation of 
the van der Waals force at large surface separations and might be related to the 
breakdown of Eq. (33) at these distances. 
When the bilayers jump into contact, a short-range repulsion is experienced. Fig. 
9 gives the short-range interaction between DGDG bilayers and MGDG bilayers. For 
DGDG bilayers, the calculated van der Waals force is also shown using the experimental 
A= 7.5 x 10-21 J, the measured location of DvDW = 0 and Eq. (33). For MGDG 
bilayers, the location of DvllW = 0 was not investigated, hence only the short-range 
repulsive force is given. 
Upon separation of the bilayers under a pull-off force, the DGDG bilayers jumped 
apart at a separation 0 0 = 13 A with an adhesion force (F/R) 0 = -1.8 ± 0.4 mN/m. 0 
The jump-apart distance between MGDG bilayers was at D0 = 6 A with an adhesion 
force (F /R)D = -3.0 ± 0.5 mN/m. Because the van der Waals plane is at D = 6 A for 
. 0 
DGDG bilayers, the distance D0 = 13 A corresponds to DvDW = 7 A. With the help of 
Eq. (33), the Hamaker constant AAdh can now be calculated from the force of adhesion. 
The result A Adh = 5.3 ± 1.5 x 10-21 J agrees reasonably with the Hamaker constant 
found from the in\vard jurnp expcrirr1cnts. It n1ust be noted however, that the force of 
adhesion gives a minimu1n value for the van d<'r \''aals attraction at D = D 0 , since any 
repulsive contribution from the short-range forces at D0 is not included. But because 
short-range forces are strongly dependent on the bilayer separation (see Fig. 9) and fall 
off rapidly near D0, it is not expected that this contribution is significant. 
3.3 DISCUSSION 
The Hamaker constants deduced fron1 the in\\'ard JUmp measurcrnents and 
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Fig. 9: Interaction energy E(D) between galactolipid bilayers in water (no salt) as a 
function of the bilayer separation. DG DG bilayers (right curve) have an energy 
minimum at D
0 
~ 1.3 nmj MGDG bilayers (left curve) have a deeper energy min-
imum at D
0 
= 0.6 nm. Beyond D = 1.3 nm, the long-range van der \Vaals attrac-
tion between DGDG bilayers is also given. Belo\v D = 1.3 nrn (DGDG) or 
D = 0.6 nm (MGDG), the bilayer interaction is strongly repulsive due to the 
short-range hydration/steric interaction. 
adhesion force measurements on DGDG bilayers in pure water (7.5 ± 1.0 X 10-21 J and 
5.3. ± 1.5 x 10-21 J, respectively) agree well with the theoretically predicted value 
A = 6 x 10-21 J for hydrocarbon interacting across water (Parsegian and Ninham, 
1970). According to Lifshitz theory (Mahanty and Ninham, 1976), the magnitude of the 
Hamaker constant results fron1 tv..·o contributions: the ten1perature-depcndent 
contribution and the dispersion contribution. Both contributions are of roughly equal 
magnitude ( ~ 3 x 10-21 J). 
Lifshitz theory predicts a screening of the te1nperature-depcndent contribution 
upon addition of electrolyte. In 0.2 M NaCl the temµerature-dependcnt contribution is 
predicted to be almost completely absent (Davies and Ninham, 1972; Mitchell and 
Richmond, 1973) which is confirmed (for the first Lime) in the present experiments, 
showing a Hamaker constant of only 3.1 ± 0.6 x Hr21 .J. 
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Following our definition of D = 0, the distance D0 is equivalent to a layer of 
hydration water between the bilayers of thicness D0. This however should not be taken 
to imply that there is no headgroup penetration into this hydration layer. A clear 
indication for this is the location of DvDW = 0 at a separation D = 6 A, which can only 
be obtained if the digalactosyl diglyceride headgroups protrude somewhat into the water 
phase instead of lying flat on the bilayer surface. The bilayer separation where 
DvDW = 0 can be considered as the effective van der Waals separation of hydrocarbon 
in \Vater which at least in this system is seen to be different from what \Vas assumed by 
Lis et al. (1982a) who identify DvDW = 0 with D = 0. Their assumption also implied 
that the short-range repulsion energy at a particular bilayer separation was identical to 
the free energy necessary to dehydrate the bilayers in order to bring them to that 
particular bilayer separation. This cannot be completely true when the headgroups 
protrude into the v.rater phase because in that case there will be an extra steric (or 
entropic) interaction bet,veen the mobile headgroups \vhich 1s additional to the 
hydration interaction {see also Chapter 4). 
The measured thickness of the hydration layer bet.ween MGDG bilayers is 6 A, 
between DGDG bilayers this 1s 13 A. The latter value agrees rPasonably with the 
reported 10 A by McDaniel (unpublished). These thicknesses clearly show that a 
doubling of the number of galactose units on the bilayer surface doubles the amount of 
hydrated water on the bilayer surface, which is expected intuitively. 
A consequence of the difference in hydration is that the force of adhesion between 
MGDG bilayers is about twice that between DGDG bilayers. This is an example of the 
indirect modulation of the van der \\'aals interaction at srnall surface separations 
through the presence of short-range int.eraclions \vhich deter1nine the equilibrium 
separation between bilayers. The more hydrated DG DG bilayers must have their 
equilibrium separation farther away from Dvow = 0 than MGDG bilayers. That the 
DG DG headgroup is more hydrated than the MG DG headgroup is also consistent with 
the larger headgroup area of DGDG (cf. Fig. 5) as well as the different molecular 
packing geometries of the respective lipids in photosynthetic thylakoid membranes 
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(Murphy, 1982). In these assemblies, MGDG lipids are especially abundant in the 
highly curved concave inner thylakoid margins indicating a stabilization of the 
membrane curvature through a cone-shaped molecular geometry, whereas DGDG lipids 
are believed to be mostly located m the convex marginal surfaces of thylakoids 
(wedge-shaped molecular geometry). It is likely that high concentrations of MGDG 
lipids ( 40% in Zea mays chloroplasts) also serve to locally stabilize the many concave 
deformities in the thylakoid membranes. 
CHAPTER4 
FORCES BETWEEN BILAYERS OF THE 
ZWITTERIONIC PHOSPHOLIPIDS PC AND PE 
IN AQUEOUS SOLUTIONS 
4.1 INTRODUCTION 
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The zwitterionic phospholipids phosphatidylcholine (PC) and phosphatidyl-
ethanolamine (PE) are the main lipid constituents in animal cell membranes. It is 
interesting to see that like the galactolipids which are the most abundant lipids in plant 
cell membranes, they are intrinsically uncharged. However, unlike galactolipids, they 
can acquire a net charge through the binding of divalent ions as has been shown by 
electrophoresis, conductance and NMR studies on PC vesicles (Grasdalen et al., 1977; 
McLaughlin et al., 1978; Altenbach and Seelig, 1984) and the swelling of a PC 
multilamellar system (Lis et al., 1981; Ohshima et al., 1982) in divalent electrolyte 
solutions. 
The interesting properties of zwitterionic dipoles on the bilayer surface have been 
the subject of several studies, using techniques like NMR (Hauser ct al., 1981; Finer and 
Darke, 1974), X-ray (Franks, 1976; Lewis et al., 1983) and neutron diffraction (Hauser 
et al., 1981; Worcester and Franks, 1976; Buldt et al., 1978). They have yielded 
valuable insight concerning the conformation and mobility of the dipoles, which will be 
used later in this chapter v.1 hen the results of force n1Pasurernents bctv.1 een the bilayers 
are discussed. 
Although the chemical structure of the PC headgroup is not very different from 
the PE headgroup (see Fig. I), the hydration properties are quite different. This has 
been evident for a long 'tirne frorn the obser\'ation that anhydrous }l(~ bilayers swell 
much more (Le Neveu ct al., 1976, 1977; Parsegian et al., 1979; Lis et al., 1982a) than 
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PE bilayers (Seddon et al., 1984) on addition of water. The work of Le Neveu, Rand, 
Lis and Parsegian has emphasized the importance of hydration forces in PC lamellar 
systems. The presence of PE has been found to promote the fusion of phospholipid 
vesicles (Sundler et al., 1981 ). On the other hand, PC strongly inhibits fusion. These 
observations are likely to be related to the differences in the hydration and hence the 
geometrical packing properties of these lipids. 
Horn (1984) has investigated PC interbilayer interactions and observed their 
fusion using the direct force measurement technique of lsraelachvili after letting lecithin 
bilayers adsoib onto mica from a vesicle solution. Ho\\'ever, this method proved not to 
be completely satisfactory. Apart from reproducibility problems, electrostatic 
double-layer interactions originating from the supporting mica surfaces could not be 
suppressed which obscured the interactions existing bet\veen the bilayers alone. 
This chapter will discuss the interbilayer interactions when the PE and PC 
bilayers arc deposited on mica usrng the Langmuir-Blodgett technique. A number of 
detailed studies has already been published (see Discussion) concerning various 
properties of zwitterionic bilayers which together with the results of the present study 
allo\VS a detailed picture to emerge of the complicated nature of the Z\.vitterionic surface. 
For instance, an interesting circumstance of the present \\'ork is that the bilayers are 
essentially fixed in their position on the mica surfaces \vhereas in the lamellar system 
studied by Lis et al. (1982a) the bilayers are free (and hence subject to thermal thickness 
fluctuations and undulations of the bilayers as a whole). A comparison of the 
interactions measured in the t\VO syst.erns allows us to investigate the in1portance of 
surface fluctuations and undulations on the total interaction and to obtain a better 
insight into the molecular mechanism responsible for the short-range repulsion. 
4.2 RESULTS 
4.2.1 Monolayer Compression Isotherms of PC and PE 
Monolayer compression isotherrns of four different phospholipid rnonolayers at the 
air-water interface are shown in Fig. 10. rrhe isotherms \Vere rncasurc<l at 16 ° c 
(DMPC), 20 ° C (DPPC) and 21 ° C (DPPE, DLPC). 
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Fig. JO: J\1onolayer compression (fl-A) isotherms of DPPE, DPPC, DMPC and DLPC. 
The DPPC and DJ\1PC isotherms show the characteristic features of phase 
t.rau~itions described by several authors (Phillips et al., 1968; ,.\lbrecht ct al., 1978). For 
example, at 20 ° C, the DPPC monolayer is m the liquid-expanded state below 
11 = 2 dyne/cm, m the liquid-condensed state between II~ 2 dyne/cm and 
fl= 13 dyne/cm and in the solid state beyond II= 13 dyne/cm. The transition 
between the liquid-expanded and the liquid-condensed state is first order; the transition 
between the liquid-condensed state and the solid state is of second order. 
Regions of the fl-A curves of particular interest are the parts in the neighbourhood 
of headgroup areas which correspond to the expected headgroup areas of lipids in a fully 
hydrated bilayer at the sarne tcrnperaturc. The headgroup areas are (Lis et al., 1982a; 
Le\vis and Engelman, 1983): DPPE 42 A2 (solid state); DLPC - 70 A2 
(liquid-expanded state); DMPC 52 A2 (liquid-condensed state) and Dl'PC - 52 A2 
{solid state). These headgrouµ areas are approxirnate ones. Because of st.ability 
problems, there is hardly any inforination available about. headgroup areas of lipids in 
bilayers which are in the gel phase. 
At. 16 "C, D!v1PC bilayers are 111 the pretransition phase and go over inLo the 
12 
liquid phase at the chain melting temperature T = 24 ° C. This T = 21 ° C is also the 
Krafft point of DMPC and the temperature beyond which the rnonolayer compression 
isotherm is completely of the liquid-expanded type. At 16 ° C, the monolayer is in the 
liquid-condensed state when compressed to a lipid hcadgroup area of 52 A2. For DPPC 
bilayers, the situation is qualitatively the same. At 20 ° C, the bilayer is in the gel 
phase while the rnonolayer at a headgroup area of 52 A 2 is in the solid state. Between 
32 and 42 ° C, the bilayer is in the pretransition phase while the monolayer at a 
headgroup area of 52 A 2 is in the liquid-condensed state. At T = 42 ° C (Krafft 
temperature of DPPC), the bilayer goes over to the liquid phase and the monolayer 
becomes completely of t.he liquid-expanded type. At room temperature, the DLPC and 
DPPE bilayers exist in the liquid phase and the solid phase, respectively, while the 
monolayers are in the liquid-expanded state and the solid st.ate. 
We see that in the· region where the monolayer is compressed to a lipid headgroup 
area that corresponds to the headgroup area in the bilayer, there exist parallel physical 
stat.es and transitions in the monolayer and the bilayer. In the monolayer, the solid, 
liquid-condensed, and liquid-expanded stat.es correspond to the gel phase, pretransition 
phase and liquid phase in the bilayer, respectively. 
4.2.2 Deposit.ion of PE and PC Bilayers onto Mica 
Fig. JI gives the deposited headgroup area of DPPE as a function of the applied 
surface pressure. One curve gives the deposition of the first. lipid layer on mica, and the 
second curve of the second layer on the first layer. For the first layer, there was always 
a 1:1 correspondence bet\veen the surface area of t.hc mica slu~ets and the area swept by 
the barrier in the Langn-1uir trough in order to keep the surface pressure constant during 
deposition. For the second layer of DPPI~, this \Vas only true for surface pressures 
exceeding 25 dy1rn/cm. Deposition at 11 = 33 dyne/cm was done to deposit bilayers rn 
force measurement experin1ents, because this gives a lipid headgroup area of 42 A 2 . 
Fig. 12 gives the deposition result.s for DLPC. Deposition of the first layer of 
DLJ>C on rnica gave no problcrns. It \Vas noticed that the hcadgroup area of deposited 
DLl'C at most. surface _pressures was about 10% smaller t.han the DLPC headgroup area 
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Fig. 11: Deposition onto mica of a DPPE monolayer ((x), first layer), and a DPPE 
bilayer ( •), second layer on the first layer), as a function of the applied surface 
pressure in the Langmuir trough. Beyond fl= 26 dyne/cm, the deposited 
headgroup area in the second layer is identical to the deposited headgroup area in 
the first layer. 
in the spread monolayer on the Langrnuir trough at the sa1ne pressures. This indicates 
that the monolayer contracts upon deposition, probably a consequence of headgroup 
dehydration. Deposition of a second layer of DLPC on the first deposited DLPC layer 
was very difficult. The deposited amount of lipid was very sensitive to the applied 
surface pressure which caused a considerable scatter in the average headgroup area. 
However, it was found that when the second layer of DLPC was deposited onto mica 
already covered with a monolayer of DPPE (with a hcadgroup area of -12 A 2), deposition 
could be controlled more accurately. Deposit.ion of DLPC on a first layer of DPPE at 
n = 35 dyne/cm gives the required hcadgroup ar<>a in the bilayer of 70 A2. 
Considering this observation, it v·.'as <l<'cidcd to use Lhis hydrophobic surface also 
for deposition of a second layer of thr ot.h<'r lipids described bclo\v. 
Fig. 13 gives the results of the deposition of DPPC and DMPC (16 ° C) on mica 
covered with a rnonolayer of DPPE. Final deposition of DMPC at 11 = 36 dyne/cm and 
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Fig. 12: Deposition onto mica of a DLPC monolayer { x) and of a second DLPC layer 
on a first layer of DLPC, both deposited at the same surface pressures { o ), the ( +) 
symbols give the deposition of a DLPC layer on a first layer for DPPE, where the 
DPPE is always deposited at a headgroup area of 42 A 2. 
DPPC at fl= 19 dyne/cm gives in both cases a headgroup area of 52 A. 2. It is seen that 
deposition on a first layer of DPPE is never particularly sensitive to the applied surface 
pressure. 
Because it 1s necessary to check whether the type of lipid used in the first layer 
will influence forces between bilayers, the deposition of a second layer of DPPC was 
investigated when the first layer was also a DPPC layer. When deposition of DPPC as 
a first layer is done at a surface pressure fl= 19 <lyne/cm, the deposited headgroup area 
per lipid becomes 46 A. 2. As with DLPC, this is about 10% smaller than the headgroup 
area at the air/v.:ater interface, reflecting hradgroup dehydration upon deposition. 
Results of the deposition of a second DPPC layer on this first layer of DPPC at various 
surface pressures are also given in F'ig. 13. Deposition at fl= 23 dyne/cm gives a 
headgroup area of 52 A. 2 in the second layer. It was found that when t.he surface forces 
were rr1easured (see follo\ving Sections), there was no difference in the rr1easurcd surface 
forces when the first layer was a DPPE layer rather than a DPPC layer. 
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Fig. 13: Deposition of a second layer of DMPC (top curve) and DPPC (bottom curve) 
as a function of the surface pressure on a first layer of DPPE, where the DPPE 
always has a headgroup area of 12 A2. The dotted curve gives the deposition ~fa 
second DPPC layer on a firsL DPPC layer, where th<> first layer is deposited with a 
headgroup area of 46 A 2. 
4.2.3 The Bilayer-Water Interface and the Bilayer Thickness 
As with the section on galactolipid bilayers, it is appropriate at this stage to 
discuss the location of the anhydrous bilayer /water interface which will be taken as the 
location of D = 0 (see Fig. 7). 
Table I shows the areas per lipid molecule deposit,ed in the second (outer) 
monolayers and the corresponding anhydrous bilayer thickness 1' as detcrrnined frorn the 
volumes occupied by the hydrocarbon chains and hcadgroups. 'fhe volume of a 
saturated chain in the gel state is (27.'1 -+ 2G.9 n)"X..:~ per n-carbon chain (1'anford, 1972), 
which corresponds to a density of 0.87 grn/c1n 3, \\'hilc for chains in the fluid state a 
density of 0.75-0.77 gm/cm3 \Vas used (the values for dodPcane-hcxadecane). 'l'he polar 
hcadgroup volumes were taken as :J2.Lf> ,x.:i for PC and 213 A3 for PE (Small, 1%7). 
For example, for DPPC \.Vi th ar<'a ~ 52 A2 \.Ve calculate 
T = 2 x [2(27.4 + 26.9 X 15) -I 32-·t.5[/52 45.6 A. These thicknesses are given in the 
5th column in 'rablc I, \'-.:here the accuracy is estirnat.ed at about ± 1 A. 
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Table I: AREAS AND THICKNESSES OF ADSORBED BILAYERS 
Anhydrous 
Area Bilayer Thickness, T (nm) 
Phospholipid Temp. Phase Deposited 
Deposited ( "C) St.ate (nm 2) From Refractive 
Deposited Index Measurementsa 
(± 0.1 nm) (± 0.3 nm) 
DLPC 22 Fluid 0.70 3.1 3.6 
16 Pre- 0.52 4.15 4.2 
DMPC trans. 
30 Fluid 0.68 3.5 3.8 
DPPC 21 Gel 0.52 4.6 4.6 
DSPC 21 Gel 0.52 5.0 5.1 
DPPE 21 Gel 0.42 5.3 -
Ads or bed from 
solutionb 
DLPC 
Egg-PC 
20 Fluid 3.6 
20 Fluid 4.0 
a nb = 1.464 assumed for all lecithins (Cherry and Chapman, 1969). 
b R.G. Horn (unpublished results). 
As mentioned before, from measurements of the mean refractive index of the 
medium between the two surfaces at some particular separation, one can <l<'terminc the 
arr:iount of material (other than water) present between the surfaces. The only 
additional information needed is the tangential c:on1ponent of the refractiYe index of the 
adsorbed material, \vhich in the present. study is tbc lecithin bilayer \Vhose refractive 
index will be taken as nb = J.464, the value obtained for egg-PC {Cherry and Chapman, 
1969). R.G. Horn (unpublished results) measured the refractive index of egg-PC and 
DLPC bilayers after lhey had adsorbed onto mica surfaces from a dilute solution of 
vesicles. Jn the egg-l'C solution 1 }lorn obtained for the total mean refractive index: 
n = 1.440 ± O.OOG at T 2 c_ 9.fi nm and n = 1.451 ± 0.007 at T 2 = 8.9 nm (see Fig. 7). 
The thickness of each bilayer T and their separation D is therefore given by solving 
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n = [2Tn 0 -I Dn 2]/T2, and D c= (T2 - 2T). using n0 - IA64 and nw = 1.334. This gives 
T = 3.9 nm at D = 1.8 nm and T = 4.0 nm at. D =- 0.9 nm, and the results for n vs D at 
larger separations, up to D = 40 nm, \Vere all consistent with there being t\vo bilayers of 
constant thickness ~ 4 nm between the surfaces. Likewise, for DLPC a value of 3.6 nm 
was obtained for the bilayer thickness. 
1 
In the present study, the thickness 2 T of the outer two deposited monolayers was 
measured (since the first monolayer was usually DPPE to ensure its stability). 
Accordingly, the mean refractive index was here measured across T 1 rather than T 2 (see 
Fig. 7). The calibration of T 1 = 0 was, like what was done with the galactolipids, 
accomplished by slowly draining the apparatus of water which removes the second 
monolayer. Table J (last. column) shows the results obtained for T from such 
measurements. The two values obtained by Horn for the bilayers adsorbed from solution 
are also given. Most of these readings \Vere rr1ade at aqueous separations D in the range 
1-2 nm \Vhich covered the range over \\·hich the short-range hydration forces were 
measured. 
Note from Table 1, that \vithin exµPrirnental error, there is excellent agreement 
bet\veen the bilayer thickness deduced frorn the areas deposited and frorr1 the refractive 
index measurements. The slightly higher value obtained for the bilayer thicknesses of 
DLPC in the last column may be due to its having a higher intrinsic refractive index 
than that assun1ed {l.464) arising frorn the larger relative contribution of the polar 
headgroup for this short-chained lipid. lt was observed that so long as the aqueous 
solution was saturated \vith lipid rnonorncrs at the CI\JC 1 the deposited bilayers rernain 
stable with time (up to at least 2-1 hrs) and show no tendency to desorb. 
4.2.4 F'orces in J>ure \\7at.er 
Fig. 14 shows the measured force-laws for DLPC, Dl'PC and Dl'l'E at 21-22 ° C. 
The force-laws of DSPC and Dtv1PC (at 15 ° C) were practically indistinguishable from 
t,hat of DPPC, while DMPC (at :JO ° C) was very similar to DLPC. For the lecithins, 
the equilibriu1n separations IJ 0, and tlH' adhesio11 forces F 0/R, \\'ere found to fall into 
two distinct groups: for bilayers in the gel state (1~ < T ), the equilibriun1 separations 
c 
18 
are smaller and the adhesions larger than for the fluid bilayers (T > T,), while for 
DPPE bilayers (T < Tc), the equilibrium separation is n1uch srnallcr and the adhesion 
much larger than for any of the lecithins (Table II). l\lore significantly, we may note the 
general trend that the closer t\vo curved bilayers come at equilibrium, the greater the 
adhesion force (or - equivalently - the adhesion energy E0 between two planar bilayers). 
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Fig. 14: Measured force laws between adsorbed phospholipid bilayers in water around 
the equilibrium region. (o) Lecithins in the fluid state (T > Tc), DLPC at 22 ° C 
and DMPC at 30 ° C; (•) lecithins in the gel or pretransition state (T < T
0
), 
DPPC and DSPC at 21 ° C and D;\IPC at 15 ° C; (•) DPPE in the gel state at 
22 ° C. The van der Waals forces beyond 2 nm were measured accurately only for 
DPPE and DPPC (see Fig. 15). The squares around the force minima enclose the 
limits of error of the adhesion force F 0/R at separation D0. 
In order to measure the rnuch \Veaker attractive van der \Vaals forces beyond D0, 
the variable spring facility was employed but only for DPPC and DPPE. Fig. 15 shows 
the distances Dj frorn which the t\Vo surfaces jurr1ped in as a function of the spring 
canst.ant K (see Eq. {42)). 
Table II: ADHESION PARAMETERS IN PURE WATER 
Equilibrium Adhesive Adhesive Hamaker 
Phase Bilayer Separation, D0 Force Energy Constantb 
State Lipids (range of F0/R Eo=Fo/2irR A 
hydration force) (mN/m) (mJ/m2)a (J) 
(nm) 
DLPC(22 ° C) 
T > Tc 2.4-2.5 0.6 ±0.l 0.1 (7±l)xrn-21 
DMPC(30 ° C)c 
DMPC(l5 ° C) 
DPPC(21 ° C) 
T <Tc 2.1-2.2 0.95±0.15 0.15 (7±l)xrn-21 
DSPC(21 ° C) 
DPPE(21 ° C) 1.2 5.2 ±0.5 0.8 
-
0 ' 2 
a mJ/m- =erg/cm . 
b Deduced from adhesion forces, Eqs. (33) and ( 40). In high concentrations of 
monovalent electrolyte, the Harnakcr constant is reduced (see later). 
c Same results obtained for DMPC when deposited at 30 ° C or after heating from 
15 ° C (T < Tc) to 30 ° C. 
We see that also here a plot of (R/3K) 113 against Dj yields a straight line. 
According to Eq. {42), the slope gives the Hamaker constant A and the intercept with 
the horizontal axis the van der Waals plane from which the van der Waals force 
effectively originates. Since the distances over which the van der Waals force was 
measured were less than the bilayer thickness, \Ve expect the sirnplc expression of Eq. 
(33) to apply. It must be emphasized that for bilayers the plane of origin of the Yan der 
Waals force may well be a diffuse one, ratber than a sharp well-defined interface as for 
perfectly smooth solid surfaces. The application of Eq. {33) to the results must therefore 
be viewed as a first approximation. From Fig. 1 [>, we find that for both the DPPC and 
DPPE bilayers the effecti,·e van der Waals plane is at D = 1.05 ± 0.10 nm, which is 
shown by the vertical dashed line in Fig. 14. If the van der Waals plane Dvow ~ 0 is 
indeed beyond D '~ 0, it indicates that the thermal motions of the headgroups must take 
thern out by at least 0.5 nm beyond each surface; the significance and i1nplications of 
this will be discussed later. 
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Fig. 15: Inward jumps between DPPE bilayers (x symbols) and DPPC bilayers (o 
symbols) in pure water. The effective origin of the van der Waals forces is for 
both phospholipids located at D = 1.05 nm. 
In Table II, the values for the interfacial energy per unit area, E0, of two planar 
bilayers at their equilibriun1 separation and the corresponding liarnaker constants A 
deduced from the adhesion forces arc also given. These quantities are related to the 
adhesion force F 0 by 
Eo = Fo/27rR 
F0/ R = A/6Dinw = A/6(D0 - I .05nm) 2. ( 43) 
For DPPE, since the adhesion, at 0 0 "" 1.2 nm, occurs so close to Dvow = 0 it. 
was not possible to obtain a reliable estimate for the Hamaker canst.ant at these small 
separations. Returning to Fig. 15, it is clear that at long-range the van der Waals 
interaction 1s well described by Eq. (:l3) with a Hamaker constant of 
(1.3 ± 0.2 X 10-21 ) .], i.e. a factor of five smaller than the values deduced from the 
adhesion forces. Possible reasons for this discrepancy \vill be presented in the ])iscussion 
section. 
Fig. 16 shows the measured repulsive forces for all the lipids studied, plotted on a 
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log-linear graph. The repulsive forces for DSPC, DPPC and DMPC (at. T < T ) all fell 
c 
within the narrow shaded band (Fig. 16A) while for the DLPC and DMPC (at T > Tc) 
within another shaded band, slightly farther out (Fig. l 6B). For comparison, in Fig. 
16C the previous measurements of the repulsive forces FR per molecule for DSPC and 
DLPC by Lis et al. (l 982a) between planar bilayers are reproduced and compared with 
the derivative with respect to distance of the interaction energy (FR= 8E/8D) between 
curved bilayers given in Figs. l 6A and I 6B. The open arrows and the closed arrows on 
the horizontal axis give the equilibrium bilayer separations D0 for deposited and free 
bilayers (in lamellae), respectively. Fig. I 6C shows (as previously also found by Horn 
(1984) for egg-PC and DLPC) that the repulsive forces between free bilayers in lamellae 
have a longer range than those between adsorbed (immobile) bilayers. This is especially 
true for bilayers whose lipids are in the fluid state where the equilibrium separations of 
the free bilayers are in the range 2.8-3.3 nm (2.8-2.9 nm for DLPC and DMPC) 
compared to 2.4-2.5 nm for adsorbed bilayers, while for gel state bilayers the equilibrium 
separations are much the same, viz. 2.0-2.2 nm for free bilayers of DPPC and DSPC 
compared to 2.1-2.2 nm in the present study. Closer in, however, both types of 
measurements appear to yield similar values for the forces (except for DPPE where both 
the repulsive forces, as well as the equilibrium separation of D0 = 1.1-1.2 nm, are much 
smaller for the adsorbed bilayers than those measured by Lis et al. (1982a) for egg-PE, 
where 0 0 = 2.05 nm was reported. Note that Seddon et al. ( 1984) obtained equilibrium 
spacings D0 in the range 0.8-1.3 nm for a variety of different. PE bilayers in both the gel 
and fluid states consistent with the present finding. 
4.2.5 Forces in Monovalent Electrolyte Solutions 
Since inonovalent ions are believed to bind only very \Vt·akly if at all to the neutral 
headgroups of J>C or l>E, one should not expect there to be any significant repulsive 
double-layer force between these bilayers in th(~ presence of salts such as NaCl. The van 
der \\7 aals force, ho\vever, is expecL<'d to be red uccd in tlH' presence of high 
concentrations of electrolyte where the Lernperature dependent contribution t.o the 
Hamaker constant is screened at distances beyond the Debye screening length (Mahanly 
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Fig. 16A and 16B: Repulsive forces at separations below equilibrium separations 
(continued from Fig. 14). (A) Bilayers in the gel or pretransition state (T < TJ: 
DPPE, DPPC, and DSPC at 21 ° C and DMPC at 15 ° C. (fl) Lecithin bilayers 
in the fluid state (T > Tc): DLPC at 22 ° C and D:VIPC at 30 ° C. At F/R 
values above 10 mN/m and up to 103 rnN/m, the initially curved surfaces flatten, 
but the bilayers do not fuse, even at pressures up to 40 atn1. 
and Ninharn, 1976). Thus if only the van der Waals force was responsible for the 
adhesion, we should expect decreased adhesion at . . 1ncreas1ng concentrations of 
electrolyte, while any ion binding should lower the adhesion even more. 
Fig. 17 shows results obtained for the variation of the adhesion forces between the 
two DPPC bilayers in the presence of various 1:1 electrolytes. Three regimes could be 
identified. In regime A (0 to 50 rn~d salt) the adhesion forces fell to 50-70% of the value 
in pure water, while in regime B (50-200 rn~1 salt) the adhesions reached a rninimum, 
then rose again. So far, the effects arc srr1all and the initial decrease could be 
qualitatively understood for the reasons given above. I-lo\vevcr, in rcgirnc C, above 
200 rnM salt, the adhesion forces rnried considerably depending on the electrolyte, and 
the results can not be explained usi11g sirnple concepts in tern1s of van der V\7aals and/or 
double-layer forces. Thus, from Fig. 17 it is seen that in LiCI the adhesion rose 
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Fig. 16C: Comparison between the calculated repulsive force per molecule FR from 
Figs. 16A and 16B, as given by the shaded band, and the measured force FR by 
Lis et al. (1982a) between free bilayers of DSPC and DLPC in lamellae ((•) 
symbols). The vertical arro\vs on the horizontal axis indicate the equilibrium 
bilayer separations 0 0. 
dramatically (an effect that was also found with DLPC); in NaCl it levelled off (an effect 
that was also found with DLPC, and with Nal), while in CsCl it foll rapidly to zero. In 
order to pursue this further, full force curves were measured in concentrated solutions of 
LiCl, NaCl and CsCl, shown in Fig. 18. The results show that changes in the adhesion 
forces correlate with the equilibrium bilayer separation, D0 , viz. larger adhesions at 
srnaller equilibrium separations. It is also apparent that changes in the adhesion arc due 
not 'to any increase or decrease in the attractive forces but rather to changes in the 
repulsive short-range forces. Thus using Eq. (33), the I-Ian1akPr constant estin1at.ed fron1 
the adhesion forces at the equilibriurn separations do not vary very n1uch with the 
equilibriurn separations. The only systernatic correlation that \Vas found is a slight fall 
in th<' Hamaker constants at higher electrolyte concentrations, viz . .:\ = 7 ± I x 10-21 J 
in (J-1.50 mM salt, decreasing to A= 3.5 ± 1.5 X 10-21 .J in 1300 ml\1 salt .. We therefore 
not.e the disappearance of the ternpcrat.urP-dependent contribution of - 3 x 10-21 J in 
high salt, as expected theoretically. 
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Fig. 17: Adhesion force (F 0/R) and energy (E0) for DPPC bilayers at 21 ° Casa func-
tion of salt concentration. (Note that the direction of increasing adhesion is 
upward.) Qualitatively similar results wern obtained for DLPC bilayers. The 
shaded band gives the range of values i11 pure \Vatcr, included for r:orr1parison. 
As regards the large effects of high r:oncPnt.rations of Plcctrolytes on the 
short-range repulsive forces, the consideration of this is reserved fur the l)iscussion 
section; but note here that the equilibriu1n aqueous separation follo\VS the order 
CsCI > NaCl "' Na! > pure water > LiCI, which follows the hydration of the cations, 
and which is the same order as that previously reported by Gottlieb and Eanes (1972) 
for the maximum uptake of concentrated solutions of tlicse electrolytes by multilamellar 
lecithin bilayers. 
4.2.6 Forces in Divalent Electrolyte Solutions 
While PC lamellae do not swell in monovalent salt solutions, they swell many 
hundreds of angsLrorns in rnM CaCI2 and l\'1gCl 2 solutions due to the long-range 
double-layer force brought about by the binding of these ions onto the oihcr\vise neutral 
surfaces. 
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Fig. 18: Force curves for DPPC bilayers at 21 ° C in various concentrated salt solutions 
(see also Fig. 17). From left to right, 1300 mM LiCl, pure water (reference), 150 
mM NaCl, and 430 mM CsCI. No long-range double-layer forces were ever 
measured in water or in monovalent salt solutions with any of the lipids studied. 
Ho\vever, at these high concentrations, some short-range repulsive double-layer 
force contribution due to ion binding can not be excluded, especially in the NaCl 
and CsCl solutions, but \vhich is undetectable because it is s\varnped by the attrac-
tive van der Waals force. 
In this section, results of force rneasurerr1ents are given bet.ween PC and PE 
bilayers in CaC1 2 and MgC12 solutions in the range ~ I m!v1 lo above 30 mM. In all, 
more than 100 force curves \\'ere measured and it is not proposed to plot thern all in 
detail, except in Fig. 19 where the forces between DPPC bilayers in ~ I mM CaC1 2 and 
MgC1 2 are shown. Note the expected longer range of the double-layer forces in the more 
dilute solutions and the larger repulsions in the CaCl2 solutions reflecting the stronger 
binding of Ca2+ to the phosphate group. Since the forces measured between different 
lipids at different salt concentrations all exhibit. the sarne trends, only a detailed 
quantitative analysis of the results in Fig. 19 will be given. 
When Ca2 ·f ions bind to a. neutral surface such as ]">C, the surfaces bccorne 
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Fig. 19: Forces between DPPC bilayers in CaC1 2 and MgC1 2 solutions at 22 ° C: ( •) 
1.2 mM CaC12 and 1.2 mM MgCl 2; (a) 10.8 rnl\'I CaC1 2 and 10.9 mM MgCl 2. 
Dashed curves: theoretical double-layer interaction with charge regulation; solid 
curves, experimental force curves sho,ving the effect of the van der VV' aals force at 
smaller separations. In pure water (no double-layer force), the adhesion force was 
F 0/R"" -1.0 mN /m; the inset shows that in 1.2 mM CaCl2 the dip in the repulsion 
( L1F 0/R) is the same, and similarly in 1.2 mM MgCl 2. 
positively charged and the double-layer interaction then takes place in an electrolyte 
where the counterion is the anion. For such systems the surface potential 'lj;Q or surface 
charge density aQ of the isolated surfaces (or two surfaces at infinite separation) can be 
obtained by fitting the theoretical double-layer force curve to the tail end of the 
measured force curve. (Closer in, the surface potential and surface charge \Vill of course 
both change due to charge regulation and double-layer overlap as outlined in Chapter!). 
When this is done to the four curves in Fig. 19, \\'e obtain the potentials '1/-';Q and charge 
densities aQshown in Table Ill. Note that V/() and a() are related via the Grahame 
equation Eq. (31), which for 2:1 electrolytes can be rc\vritten as 
( 1/J'O) -¥,if ;2s4i112 -a{)' = 0.118 sinh 50.9 (2 i-e Jc. ( 44) 
at 22 ° C, where tjJQis in rn\r, aQ in C/rr1 2, and the bulk electrolyte concentration C in 
moles/litre. Table III also shows the fraction n of lipid headgroups that have bound a 
cation, calculat.ed form an adsorption site area of 52 A2 per molecule (the headgroup 
area per DPPC lipid). 
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Table Ill: DOUBLE-LA YER PARAMETERS FOR DPPC AT 22 ° C (Fig. 19) 
Surface Surface Charge Fraction 1\ssoc. 
Potential a= bound Constant 0 
Electrolyte Cone. ,PQ'(mV) 
°' 
K (M- 1) 
C (mM) C/m2 nm2/Ca2+ 
CaC12 1.2 37 0.0048 67 0.008 118 
10.8 47 0.0190 17 0.031 114 
MgC1 2 1.2 21 0.0028 116 0.004 20 
10.9 30 0.0118 27 0.019 19 
The binding constants for the adsorption of the cations have been determined 
following the procedure outlined in Section 1.2. The theoretical double-layer force 
curves (with charge regulation when the surfaces approach) are shown by the dashed 
lines in Fig. 19. It was noted that the theoretical curves were hardly different from the 
predicted force curves \vhen the surfaces \Vere supposedly interacting at constant surface 
potential. Ho\vever, for the constant charge case, always too large a force \Vas predicted, 
especially at small bilayer separations. The solid lineso are the experimental force-laws 
which include the attractive van der Waals forces, though this fitting procedure must be 
approached with some caution at small bilayer separations. It has been predicted by 
Kjellander and Marcelja (1985a) that adsorbed rons on two approaching surfaces can 
correlate with each other, giving rise to an extra attractive interaction, and \Ve also 
expect discreteness of charge effects to become in1portant at surface separations less than 
the average distance bet\veen two adsorbed cations. 
rrhe adhesion rninin1a in Fig. 19 \Vere found to be at the sarne separations Do as in 
pure water but raised from their values in pure \Vater (i.e. in the absence of any 
double-layer repulsion) by just the amount of the expected double-layer force at 0 0. 
This is illustrated in the inset of Fig. 19 where the value of L1F0/R is practically the 
same as J? 0/Il in pure water. Clearly, the bindiIJg of the divalent cations, \\·hile affpct.ing 
the electrostatic interactions bet\veen these bilayers, does not affect the short-range 
'hydration' repulsion nor the intrinsic adhesion force except by reducing it by just the 
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arr1ount corresponding to the double-layer force at the equilibriurn separation. The lack 
of any drastic effect of Ca2+ or ivJg2+ binding on the short-range forces is 
understandable, considering that the fraction a of the lipids binding these ions never 
exceeds a few per cent (Table III). 
The general features of the results of Fig. 19 were found to apply to all the lipids 
studied at all concentrations of both CaC12 and MgC1 2. Jn particular, it was found that 
for each lipid the surface potential, charge, and double-layer interaction could be 
described by a single association constant over the whole range of CaC12 and MgC1 2 
concentrations studied (see Table JV). The results are shown in Figs. 20-23, where the 
solid and dashed lines are now the experimental and theoretical DLVO curves, 
respectively. At higher electrolyte concentrations, where the Debye length is small and 
the double-layer forces are of relatively short-range 1 it becomes critical \vhere the outer 
Helmholtz plane (OHP) be placed, viz. the plane of origin of the diffuse double-layer 
interaction. In all cases, good agree1ncnt bct\vccn theory and expcrirnent \Vas obtained 
at all concentrations \Vith a single association constant. by plncing t.h(' ()llPs as indicated 
by the arrows in Figs. 20-23 {also tabulated in Table IV). As will be discussed later, the 
positions of the OHPs so deduced all lie within about 1 A of the negatively charged 
outer oxygen atoms of the phosphate groups. (Note that the theoretical curves in each 
figure arc plotted for the same value of the binding constant Kand position of the OHP; 
much better agreerr1ent could of course be obtained if these \Vere fitted separately for 
each force curve). 
]j'igs. 20-23 cover the interactions of bilayers in their three different phase states: 
the gel phase (DPPC and DSPC in Fig. 20, and DPPE in Fig. 23). the pretransition 
phase (DMPC in Fig. 21) and the fluid or liquid-crystalline phase (DLl'C in Fig. 22). 
'J'hey shO\V that: (i) Ca2+ ions a}\\'a)'S bind more strongly than rv1g 2+ ions (an effect 
that is rnore pronounced for bilayers in the gel state); (ii) at ambient ternperatures the 
strength of Ca2 + binding is in the order gel phase > pretransition phase > liquid phase; 
and (iii) DPPE bilayers bind less than DPPC bilayers. 
The dependence of Ca2+ binding Oil the phase stale of DPPC and D'.lPC bilayers 
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Table IV: DOUBLE-LA YER PARAMETERS FOR ALL PllOSPHOLIPIDS 
Association ·Location of OHPa 
Constant Relative to D = 0, 
Bilayer Lipid K (M- 1) per surface 
ca2 -i- Mg2+ 
(± 0.1 nm) 
DPPC (22 ° C, gel phase) 120 20 0.1 
DMPC (16 "' C, pretransition 
phase) 46 8.6 0.2 
DLPC (22 " C, liquid phase) 15 10 0.1 
DPPE (21 ° C, gel phase) 12 4 0.15 
a OHP: Outer Helmholtz Plane, or plane of origin of diffuse double-layer charge. 
was further investigated as a function of the temperature. With DMPC (main 
transition: Tc= 24 "C) in 3.6 m!Vl CaCl2, the surface potential remained at 
¢0 = 33 mV at T = 14 "C to 23.5 "C (cf. Fig. 21). On heating above 25 "C (and up 
to 30 ° C) the value of ¢0 gradually fell and set.tied at 20 mV, which is identical to that 
measured for DLPC in 3.6 rn!Vl CaC!2 at 22 ° C, i.e. in the liquid phase (Fig. 22). The 
same result was obtained when DMPC was deposited at 30 ° C with a headgroup area of 
68 A2, and the double-layer forces then measured at 30 ° C. With DPPC (pretransition 
temperature: T P = 35 " C) in 1.2 m!Vl CaCl2, the potential remained constant at 
¢0 = 37 m V at 20-36 ° C, then above 36 ° C and up to 40 ° C it slowly fell to 
,...., 30 m\', close to that measured for DI'v1l)C in the pretransition phase (Fig. 21). These 
results clearly show that. the binding of divalent ions to lecithins does not depend so 
much on the temperature per se but on the phase state of the bilayers, and they confir1n 
the indications of Figs. 20-23 that the binding falls abruptly on going from the gel phase 
to the pretransition phase, and again on going fro1n the prctransition phase to the liquid 
phase. The results also indicate that (at least the outer monolayers of) the deposited 
bilayers go through their pretransition and 1nain transition at the sarne tcn1pcrat.ures as 
they do in water (to within about 1 ° C). 
Finally, experirr1cnts were also carried out \Vith Dl"lPC and l)Ll"lC 1n 
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Fig. 20: Forces between DPPC bilayers in CaC12 and MgC12 solutions at 22 ° C 
(bilayers in the gel phase, T < TcJ. Solid curves, experimental; dashed curves, 
theoretical curves based on the association constants giv<~n in Table IV, a Harnaker 
constant of A = 1.3 x 10-21 .1, and Dyow = 0 at D = 1.05 nm. Results for DSPC 
\Vere Yery sin1ilar. 
140 mM NaCl in addition to varying concentrations of CaC1 2 (at 22 ° C). Jn both 
systems, the surface potentials were typically well below 30 m V so that the double-layer 
forces \Vere al\vays \Veak and, because they \Vere screened by the high conrentration of 
NaCl, also of very short-range. 1~he double-layer forces could not therefore be accurately 
measured as a function of D. ll'or DLPC, and CaCI2 concent.rations in the range 
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Fig. 21: As in Fig. 20 but for DMPC at T = 16 ° C {pretransition phase, T P < T < Tc). 
0-90 mM, the interactions were found to be determined essentially by the aitractive van 
der Waals forces; the main effect arising from the addition of CaCJ2 was a small 
progressive reduction in the strength of the adhesion force by about 30%. With DPPC, 
since the Ca2-t- binding is much greater, the effect of CaCl 2 on the adhesion force was 
more pronounced, and F0/R fell roughly linearly from about -0.8 mN/M (in the absence 
of CaCJ2) to zero at ~ 10 rnM CaCJ2. 
4.2.7 Fusion 
No fusion was observed in any of the cxperin1('nLs described so far. Even at, the 
highest forces applied (giving rise to pressures exceeding :JO atmospheres), tlie two 
initially curved surfaces simply flattened locally but did not fuse. As already mentioned, 
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Fig. 22: As in Fig. 20 but for DLPC at 22 _° C (liquid-crystalline phase, T > T J. In 
pure water (no double-layer force), F 0/R = -0.53 mN/rn. The inset shows the dip 
in the repulsion in 12.3 mM MgC1 2 relative to the pure doable-layer force (dashed) 
where .dF 0/R"' 0.50 mN/m. Likewise at 50 mM MgC1 2. 
so long as the solution was fully saturated with phospholipid monomers, the deposited 
bilayers did not desorb. In pure water, it was found t.hat an outer DLPC monolayer 
desorbs after about I hour but that in a partially saturated solution, desorption takes 
many hours (as monitored by t.he thinning of the bilayers with time). Clearly, as 
thinning progresses the hcadgroup area (i.e. the hydrophobic area exposed to water) per 
lipid must. increase. In one such experiment (Fig. 24), after two hours the DLPC bilayer 
had thinned by about 15o/c'1, since the adhesion minimun1 D0 now occurred ,...., 0.5 n1n 
farther in; and the adhesion force increased by a factor of three. Dut more importantly, 
the t\vo thinned bilayers now spontaneously fused into one bilayer once they were 
brought to a separation of 1-1.5 nm, at. which point the pressure between the t\VO 
bilayers was still well below 2 atm (whereas for two full DLPC bilayers no fusion was 
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observed even at pressures up to 20 atm). }<'or a graphic illustration of the molecular 
events occurring during the fusion process, see 11orn {1984). 
4.3 DISCUSSION 
Many of the results presented in the prev10us sections are self-explanatory and 
require no further discussion. Broadly speaking, the results show that there are three 
types of forces operating between phospholipid bilayers: at long range we find the 
expected repulsive double-layer and attractive van der \Vaals forces, \Vhilc at short range 
below 1-3 nrr1, a strongly repulsive steric-hy<lration force balances the van der Waals 
attraction. 
The measurements of the double-layer and van der Waals force laws have allowed 
us to locate the planes of origin of these two interactions \vhich, when taken together 
with X-ray and neutron scattering data, provide a consistent picture of bilayer structure 
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Fig. 24: Forces between DLPC in water at 22 ° C (T > TJ. [a] Full bilayer (as in Fig. 
14); (•) ~ 85% of full bilayer. In both cases, D = 0 refers to that of the original 
full bilayer. 
as illustrated in Fig. 25. Thus the position of the outer Helmholtz plane, at D c:= 0.1 nm 
for all the lipids, gives us the effective plane of diffuse double-layer charge and hence the 
likely location of cation binding. Not surprisingly, this coincides with the mean 
positions of the outer negative phosphate oxygens as obtained fron1 neutron scattering 
and X-ray data on electron density profiles. F'or exan1ple, neutron diffraction 
measurements (Buldt et al., 1978) show that for DPPC the outer phosphate oxygens are 
2.4 nm for the bilayer centre which, from Table 1 corresponds to about 0.1 nm beyond 
D = 0. The data of Lewis and Engelrnau (198:l) lead to a similar result for DLPC in the 
fluid state. 
The effective plane of origin of the van der Waals forces was also found to be at 
much the same distance from D = 0 for all the lipids and to be located at D = 0.5 nm 
per surfac<'. A possible explanation for this is that the headgroups are not immobilized 
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·Fig. 25: Schematic view of planar DPPC bilayers at 21 ° C with various structural 
dimensions and interaction distances drawn to scale. The position of the OHP -
the plane of charge and probable site of ion binding - coincides with the position of 
the po- group; the plane of origin of the van der Waals interaction probably coin-
cides with the mean position of the thermally mobile trimethylammonium groups. 
For different PCs and PE in different phase stat.es, while Lhc will vary depending 
on the hydrocarbon chains, the OHP and VDW planes do not appear to change by 
more than 0.1 nm relative to the hydrocarbon-water interface. For free bilayers in 
the fluid state, additional thermal motions of the hydrocarbon-water interface 
could rr1odify sorne of the above pararneters and increase the range of the steric 
repulsion between bilayers. 
in a flat orientation on each surface, but that the terminal parts of the headgroups arc 
extended on average by about 0.5 nm beyond the anhydrous headgroup configuration 
(which defines D = 0). This is in agreement with the neutron scattering data of D.L. 
Worcester (unpublished experiments) who found that the terminal (deuterated) methyl 
groups of fully hydrated egg lecithin bilayers sample the whole aqueous intcrspace during 
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their rr1otion, with the peak in the distribution occurring at a spacing of about 1.1 nm 
across the water space. Independent confirmation of this phenomenon comes from other 
neutron scattering measurements of the number density distribution of water molecules 
across the aqueous regions of partially and fully hydrated lecithin bilayers, which show 
(at a resolution of 0.7 nm and positional accuracy of 0.1 nm) that the water density in 
the region between two bilayers in adhesive contact nowhere attains its bulk value, even 
at the centre of the aqueous region [see Fig. 6 in Worcester and Franks, 1976; Worcester, 
1976]. 
From the adhesion force F 0 between the two cylindrically curved surfaces, each of 
radius R, the value of F 0/R quoted in all the results is convenient for two reasons. 
First, E0 = F 0/27rR where E0 is the energy, or work of adhesion, per unit area of two 
planar surfaces. This value is also needed for calculating the total adhesion free energy 
of two curved deformable bilayers, e.g. two large vesicles (Israelachvili, 1985c). Second, 
it gives the force needed to separate a vesicle of radius R = 1 m fro1n 'contact' with a 
planar surface, or twice the force to separate two vesicles each of radius R = 1 m. For 
other radii, the force of adhesion simply scales by R. 
The measured adhesion forces and energies (E0 ~ 0.1 mJ/m2 for PCs in water) are 
much higher, by a factor of about 4, than would be obtained if one assumes that the van 
der Waals plane is at D = 0. This is important for estimating interbilayer and 
intervesicle adhesion energies and has important implications for theoretical considera-
tions of fusion and the relative stability of vesicles and multibilayer liposomes 
(Israelachvili et al., 1980). From the adhesion forces it was deduced that the effective 
Hamaker constants at short-range are all within A= 6 ± 2 x 10-21 J, when referred to 
DvDW = 0 at D = 1.05 ± 0.1 nm (Fig. 25). For hydrocarbons such as hexadecane 
across water, we expect A -= 5-7 x io-21 J, and since the headgroup region contains 
water, one might expect even lower values. The slightly higher values obtained could be 
due to the higher contributions frorn the polar headgroup and/or to so1ne residual 
hydrophobic attraction (lsraelachvili and Pashley, 1984) in addition to the van der 
Waals contribution. 
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At longer range, beyond the adhesive mm1ma, but still below distances where 
retardation becorr1es important, the value of A is much less than expected, viz. 
A = 1.3 ± 0.2 X 10-21 J. It is possible that this lower value arises from the screening of 
the temperature-dependent contribution to A which theoretically is about 3 x 10-21 J 
for hydrocarbon across water (Mahanty and Ninham, 1976l. This is expected to occur 
at large distances but only in high salt (see Section 1.4l; here, the presence of high 
concentrations of the negative and positive charges of the zwitterionic headgroups 
between the two surfaces may already act to reduce the Hamaker constant at distances 
beyond the adhesive minima. In the previous chapter, the screening of the van der 
Waals attraction in high salt was demonstrated for the non-ionic galactolipid bilayers. 
Thus for PE and PC, while the adhesion force appears to be well given by a 
reasonable Hamaker constant, the complete force law cannot be described by a single 
power law, or a single Hamaker constant, over the \\1hole distance regime. 
Likewise, the short-range repulsive forces can not be described by a simple 
equation, such as a single exponential function. In some cases, the repulsion closer in 
could be fitted by an exponential function (see Figs. 16 and 18) but farther out, towards 
the equilibrium separations D0, the repulsive forces always fell much more steeply. 
There is a definite correlation between the range of the repulsive forces and the 
phase state of the bilayers: the range being greater for bilayers in the fluid state 
(T > Tel than in the gel state (T < Tel· At this point, it is worth comparing the results 
with the repulsive forces previously measured using the osmotic pressure technique (Lis 
et al., 1982bl (see Fig. 16Cl where the agreements arc quite good. In Fig. 16, both 
experiments find that the repulsive forces arc of longer range for bilayers above T than 
c 
below Tc. 
As already noted in the previous chapter, the n1olecular mechanism responsible for 
the short-range repulsion is complicated. It can not be simply a pure 'hydration force' 
due solely to water structure effects, since, as already discussed, the aqueous region is 
not pure water but contains the therrnally rnobile headgroups (sec also Zaccai et al., 
l979l. As proposed by Huh (1979), these must. contribute their own entropic 'stcric 
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repulsion' in the sa1ne way that surfaces with adsorbed polyrr1ers repel each other (Dolan 
and Edwards, 1974). Indeed, it is noteworthy that both theoretically and 
experimentally this type of st.eric repulsion is m general expected to be exponentially 
repulsive at short range, but decaying more rapidly at larger distances (Dolan et al., 
1974; lsraelachvili, 1985b; Klein and Luckham, 1984). It is proposed that this type of 
interaction is the main cause of the 'hydration forces' so far measured between lipid and 
surfactant bilayers, where the role of the hydration shell around each headgroup comes 
into the picture in determining the excluded volume of the headgroups which will extend 
the range of the repulsion (Dolan and Edwards, 1975). This interpretation in terms of a 
coupled 'steric-hydration interaction' is consistent with all the force measurements 
reported so far on such systems. Furthermore, it explains the increased range of these 
forces between free bilayers above Tc, due to the increased thermal fluctuations and 
undulations of the now fluid bilayers. 
Clearly, the steric contribution to the total repulsion is complex, and made up of 
at least three interactions: a (polymer-type) steric repulsion as discussed above, a 
contribution from long wavelength undulations of bilayers (Helfrich, 1978; Sornette and 
Ostrowsky, 1984), and a contribution from local fluctuations in bilayer thickness (Lis et 
al., 1982b). Further insight into the relative contributions of these three interactions 
may be gleaned by comparing the results on adsorbed bilayers with those using the 
osmotic pressure technique on free bilayers {cf. Fig. 16C). First, it is seen that the range 
of the repulsive forces in pure water arc the same for PC bilayers below Tc, with D0 in 
the range 2.0-2.2 nm in both systems. This suggests that the stcric-hydration 
interaction of the headgroups is mainly responsible for this repulsion. For PC bilayers in 
the fluid state, where additional thermal thickness fluctuations and undulations of whole 
bilayers should be expected, the repulsion between free bilayers is now of longer range 
than that bet.ween adsorbed bilayers (cf. equilibrium separations D0 in the range 
2.7-:l.3 nm for t.he free bilayers with 2.1-2.5 nm for adsorbed bilayers). Clearly, the 
restricted possibilities for undulations of adsorbed bilayers has reduced the range of the 
steric-hydration repulsion compared to that for free bilayers (Israelachvili, 1985b). 
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Thus, above Tc, there is a significant contribution to the repulsion from all three types 
of steric-hydration interactions. 
What can be said about the relative importance of the steric and purely hydration 
force contributions? Can they be separated? As described earlier, the refractive index 
results show that there is no measurable extrusion of the bilayers as they are forced 
together (at least over the range of compressive forces of these experiments). 
Consequently, the repulsive forces reflect the simultaneous entropic compression and 
dehydration of the headgroups. These two effects may be coupled so intimately as to be 
inseparable. It may be possible to consider the interaction as a steric one, with the 
hydration of the protruding hydrophilic headgroups treated simply as an excluded 
volume effect, increasing their effective volumes above their van der Waals radii {Dolan 
and Edwards, 1975). It is also possible that the fundamental hydration interaction is 
oscillatory (Pashley et al., 1984) but that the inherent roughness of bilayer surfaces and 
the thermal motions of the headgroups and hydrocarbon-water interfaces smear these 
out and extend the range of interaction (D. Sornette and N. Ostrowsky, unpublished 
results) so that there remains only a smooth overall repulsive force. 
Further insight into the hydration force contribution comes from the effects of 
high concentrations of LiCl, NaCl and CsCI. The reduced range of the stcric-hydration 
force in 1.3 M LiCl may be due to a 'salting out' effect, whereby the highly hydrated Li+ 
ion IlO\\l competes with the headgroups for \Vatcr. The reverse occurs \Vith the very 
weakly hydrated cs+ ion, while Na+ is intermediate, giving a hydration force and 
adhesion similar to that in pure \Vater. We also conclude that there is no significant 
binding of monovalent ions to PC and PE bilayers (unless both the anions and cations 
bind equally). 
With Ca2+ and Mg2+ chloride solutions, significant cation binding already occurs 
below I mM. This results in a long-range double-layer repulsion but does not affect the 
short-range steric-hy<lration repulsion. For any particular lipid system, a single binding 
constant 1s enough to describe quantitatively the bindings at all electrolyte 
concentrations from 1-100 rnM, and the double-layer forces are also excellently described 
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by theory. At shorter range, the attractive forces cause the surfaces to jump into 
adhesive contact, but the question is whether it is only the van der Waals force 
responsible for the attraction. When t.he experimentally determined Hamaker constant 
A= 1.3 x 10-21 J (in pure water) is used, the theoretical force curves in Figs. 20-23 
appear to be somewhat too repulsive at short bilayer separations. Of course, below 20 A 
it may well be questioned whether continuum double-layer theory still holds and 
whether the simple charge regulation model developed in Chapter 1 is adequate enough. 
It is quite possible that discreteness of charge effects begin to play a role, since below 
20 A, the bilayer separation is much less than the mean distance between two adsorbed 
Ca2+ ions on the bilayer surface (see Table III). Also, Kjellander and Marcelja (1985a) 
predicted that through ion-ion correlation effects on both surfaces, an extra attraction 
comes in comparable to the conventional van der Waals interaction. However, their 
theory has not been worked out completely and especially the deconvolution of 
charge-regulation effects and the ion-ion correlation effects is unknown. Whatever the 
precise cause may be, a range of A from 3 to 6 x 10-21 J would account for all the data 
near the force maxima in Figs.20-23. 
As in many colloidal and biocolloidal systems, the binding of Ca2+ was always 
greater (by up to a factor of 2) than that of Mg2+ - a consequence, no doubt, of the 
lower hydration of Ca2+. Binding of both cations (especially that of Ca2+) was also 
sensitive to the phase states of PC bilayers, in the order: gel state > pretransition state 
> liquid state. These trends are entirely consistent with those previously reported by 
Lau et al. (1980) and Lis et al. (1981). The binding constants measured in the present 
study for Ca24 and Mg2+ to DPPC and DMPC in the absence of NaCl (Table IV) are 
about a factor of two larger than those measured using electrophoresis by MacDonald 
and McLaughlin (personal con1rnunication). Concerning calcium binding to bilayers in 
the fluid state, the value of K = 15 M- 1 of Ca2·i binding to DLPC is very close to that 
of K = 19 M- 1 measured by Akatsu and Seelig (1981) for DPPC at. 59 ° C (fluid st.ate) 
using deuterium magnetic resonance, while in a later study with POPC (l-palrnitoyl-2-
oleoyl-5n-glycero-3-phosphocholine) at 40 ° C, the binding measured by Altenbach and 
Seelig (1984; Table I) in dilute CaC12 solutions was again very similar. 
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Finally, the fusion between two bilayers was observed only once they were about 
15% thinner than their equilibrium thickness, i.e. exposing a larger hydrophobic area 
than when in the natural state. ~'"'usion is initiated at one point via a local deformation 
involving the parting of headgroups followed by a breakthrough and meeting up of the 
hydrocarbon chains of apposing bilayers, as described by Horn (1984), and earlier 
suggested by Hui et al. {1981). Interestingly, the shape of the force-law between the two 
thinned bilayers at distances down to the point. of fusion was not obviously different 
from some of the other force-laws measured when there was no fusion: the long-range 
attraction and adhesion was greater than for unthinned bilayers - perhaps due to some 
additional hydrophobic interaction, and the repulsive wall was less steep - perhaps due 
to the weakened, softer bilayers. While more work needs to be done in this area, it does 
appear that a knowledge of the interbilayer force-law alone does not allow us to deduce 
when a fusion will occur. The intrabilayer forces involved in the local stresses and 
deformations accompanying the fusion process must also be considered. 
CHAPTER5 
FORCES BETWEEN MOLECULES IN 
MONOLAYERS AND BETWEEN BILAYERS 
OF PHOSPHATIDYLGLYCEROL 
5.1 INTRODUCTION 
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The previous chapters have dealt with the interactions between intrinsically 
uncharged lipid bilayers. It is a natural extension to proceed with investigations on 
charged lipid bilayers. The present chapter reports the results of force measurements 
between DSPG bilayers and DMPG bilayers. Phosphatidylglycerol (PG) is the major 
negative lipid in bacterial and plan\ membranes (Lehninger, 1975). It carries a single 
charged phosphate group (see Fig. 1), and has a phase behaviour which is fairly well 
understood (Findley and Barton, 1978). In animal membranes, phosphatidylglycerol is 
usually replaced by phosphatidylserine. 
A few studies on PG monolayers at the air-water interface have been published 
(Tocanne et al., 1974; Sacre and Tocanne, 1977). They have shown that protons, 
monovalent cations and divalent cations all show some degree of binding to the PG 
headgroups. The presence of divalent cations can also have a profound influence on the 
phase separation behaviour of PG molecules in bilayers composed of mixtures of lipids 
(Findley and Barton, 1978). An important bilayer study on the adsorption of divalent 
ions \o PG has been published by Lau et al. (1981) using electrophoresis and NMR. A 
knowledge of the degree of ion binding is essential for understanding the interbilayer 
interactions, as we have seen in the case of PE and PC bilayers. 
Cowley ct al. (1978) have measured the repulsive force between PG bilayers 
(without added electrolyte) using the osmotic stress technique. Apart from the expected 
double-layer force, they also report the existence of an additional short-range hydration 
repulsion below 30 A bilayer separation. 
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Fig. 26: Monolayer isotherms of DSPG and DMPG on various electrolyte solutions: (a) 
1 mM phosphate buffer, pH= 6.9; (b) 100 mM NaCl + 1 mM CaCl2, pH= 5.5; 
(c) 1 mM NaCl + 1 mM CaCl2, pH= 5.5. 
In this chapter, the full force-laws will be given between fluid-phase DMPG 
bilayers and gel-phase DSPG bilayers. The binding of Na+, H+, and Ca2+ ions is 
investigated as well as the force of adhesion and the possible existence of a hydration 
force. Furthermore, the contraction of a PC~ rnonolayer at the air-\vater interface 
following addition of NaCl and/or CaC12 is given attention. A comparison is made 
bet\veen the expcrin1entally observed rnonolayer contraction and the theoretically 
predicted contraction using the theory of the diffuse double-layer. This comparison gives 
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an insight into the lateral interactions between }:JG lipids in monolayers and bilayers as a 
function of the electrolyte species present in the aqueous solution. The results shed ne\v 
light on the interbilayer and intrabilayer interactions of PG and identify possible factors 
responsible for the morphological behaviour of PG aggregates. 
5.2 RESULTS 
5.2. l Monolayer Compression Isotherms of DMPG and DSPG 
Fig. 26 shows the monolayer compression isotherm of DSPG (22 ° C) and DMPG 
(27 ° C) at various electrolyte concentrations. The DSPG monolayer is clearly in the 
gel phase, remains unaffected by changing the electrolyte concentration, and has a 
limiting headgroup area of 42 A2. 
The DMPG monolayer isotherm on a 1 mM phosphate (pH = 6.9) subphase is of 
the liquid-phase type and shows only a minor contraction of about 1.5 dyne/cm upon 
raising the electrolyte concentration to 100 mM NaCl (isotherm not shown). However, a 
pronounced contraction and a first order phase transition is observed following addition 
of J mM CaC12 (no buffer added; pH= 5.5). Clearly, Ca2+ raises the phase transition 
temperature of the DMPG monolayer, which is 21 ° C when no divalent ions are 
present. The effect of Ca2+ furthermore depends on the NaCl concentration. A 
quantitative analysis of the effect of Ca2+ will be carried out later when from an 
analysis of the force measurements, the binding affinities of Na+ and Ca2+ to the 
DMPG headgroups have been determined. 
5.2.2 Langmuir-Blodgett. Deposition of PG on Mica 
Fig. 27 shows the deposited headgroup areas of DSPG and DMPG on a first layer 
of DPPE. Becaus.e in pure water, both the mica and the PG molecules are negatively 
charged, a deposition of f>G as a first layer on mica is impossible. Hence, the choice to 
take DPPE as a first deposited layer is again particularly suitable. 
In experiments where the interbilayer forces were to be 1ncasured, l)SPG \Vas 
deposited at a surface pressure 11 = 32 dyne/cm giving a deposited headgroup area of 
42 A 2. DMPG was deposited at 17 = 38 dyne/cm, which leads to a deposited headgroup 
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Fig. 27: Deposited headgroup areas on a hydrophobic DPPE monolayer of DMPG 
(27 ° C, pH = 6.9) and DSPG (22 ° C, pH = 5.5) as a function of the applied sur-
face pressure in the Langmuir trough. 
area of 60 A2. Because the deposition was carried out in a 1 rnM phosphate buffer at 
pH = 6.9 (27 ° C), the outer layer of DMPG lipids is in the liquid phase. 
5.2.3 Forces between DSPG Bilayers 
Forces bet\veen DSl">G bilayers deposited on mica were n1easured in electrolyte 
solutions with concentrations up to 100 mM for NaCl and 10 mM for CaC12. This range 
includes the physiologically interesting ionic environment of 100 mM monovalent 
electrolyte with about 1 rnM divalent electrolyte. 
Monovalent ions are kno\VB to have a 111uch lower binding affinity for the charged 
phosphate groups than divalent ions. The previous measurements on PC and PE 
bilayers failed to show a detectable monovalent ion binding, but demonstrated 
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substantial Ca2-1 and Mg2+ binding. In those systems, the double-layer force increased 
in strength when the divalent ion concentration was increased (increase in the surface 
charge), but its range decreased due to the enhanced ionic screening of the surface 
charge. In the present system, the initial charge density on the DSPG surface is 1 
elementary charge per 42 A 2 which only can decrease due to ion binding. Hence, when 
the electrolyte concentration is increased, both the strength and range of the 
double-layer forces are expected to decrease. 
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Fig. 28: Measured forces between two DSPG bilayers (22 • C, pH = 6.9) at various 
NaCl concentrations. See also Table I. The solid lines are the theoretically 
predicted forces assurnmg fully charged bilayers and a Hamaker constant 
A= 6 x 10-21 J. (a) 0.3 mM NaCl; (b) I.I mM NaCl; (c) 9.2 mM NaCl; (d) 100 
mM NaCl. 
Fig. 28 gives the forces in 10-4 M to 10- 1 M NaCl as a function of the bilayer 
separation. Note the expected longer range oft.he double-layer forces in the more dilute 
solutions. An important problem in these experiments is the determination of D = 0: 
the outer Helmholtz plane (OIIP). It is evident. in Fig. 28 that contact at D = 0 can 
never be attained in a 1nonovalent electrolyte solution. At surface separations less than 
20 A, the double-layer repulsion becomes so strong that the supporting curved mica 
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surfaces locally begin to flatten. The van der Waals attraction is completely dominated 
by the electrostatic repulsion and no adhesion was ever observed. However, when at the 
end of an experiment a small amount of CaC1 2 was added, there was a drastic reduction 
in the double-layer force (see below) and at close separation a sudden jump into adhesive 
contact. This contact was chosen as D = 0 for the following reasons: 
(i) When forcing the two adhering surfaces further together under a large load, they 
appear to behave essentially as a hard wall: no hydration force was observed. 
(ii) Draining the apparatus of water removes the outer DSPG monolayers from the 
mica surfaces, exposing only the hydrophobic first DPPE layers which can be 
brought into contact again in air. A comparison of the surface contacts before and 
after the drainage with the FECO interferometry gave for the thickness of the two 
outer monolayers (one DSPG bilayer) a value of 59 ± 1 A. A theoretical calculation 
for the thickness of a DSPG bilayer was carried out using Tanford's formula for the 
volume v of an alkane hydrocarbon chain in the gel phase containing n carbon 
atoms (Tanford, 1972): v = (2 X 27.4 + n X 26.9) A3. Choosing the PG 
headgroup volume as 300 A.3 (Small, 1967) and using the deposited headgroup area 
of 42 A2, the thickness T of the bilayers 1s calculated as 
T = 2 x [2(27.4 + 26.9 x 17) + 300j/42 = 60 A. Now, this 1s identical to the 
experimental thickness, which means that the observed hard wall is due to the lipid 
headgroups and that there is almost no hydration region near the bilayer surfaces, 
contrary to what has been found for PE and PC bilayers in the previous chapter. 
Assuming that the PG headgroups are laying flat on the surface when two bilayers 
adhere to each other, the charged phosphate groups must be exposed to this surface, 
which leads us to locate the position of D = 0 at the contact between the two 
bilayer surfaces. It follows that the outer Helmholtz plane and the van der Waals 
plane, defined as the effective hydrocarbon/water interface are expected to be both 
virtually identical to D = 0. 
An analysis of the force curves m Fig. 28 can now he carried out. by fitting the 
curves to tbe theoretical double-layer repulsion with charge regulaLion as described in 
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Chapter 1. This makes it possible to fit the intrinsic binding constant KN a for Na~ ions 
and to obtain the surface charge aQ and the surface potential 1/-)Q, existing when the 
bilayers are well separated. Due to the charge regulation, both the surface charge and 
the surface potential will change to some extent when the bilayers approach each other. 
While analysing the force-laws between DSPG bilayers, it became evident that 
KN a was very low indeed ( < 0.4 M-1) and that all the force curves could he fitted 
adequately by assuming a fully charged bilayer surface. Both the range and magnitude 
of the measured double-layer force are in excellent agreement \vith theory. However, 
with the present technique, an accurate determination of very small binding constants is 
not possible, since in the limit of high charge density, the double-layer force becomes 
fairly insensitive to a small reduction of the surface charge through ion binding. The 
results given in Table V for the values of ,P0 and a0 should therefore not be taken too 
literally and are probably somewhat too high. 
Fig. 29 gives the force-laws between DSPG bilayers in the presence of 
10-5 - 10-3 M of CaC!2 only. Fig. 30 gives the forces in mixtures of NaCl and CaCJ 2 . It 
is seen that the magnitude of the double-layer force is much reduced compared to that in 
a NaCl solution. Not only screening but also substantial binding of Ca2+ has to he 
taken into account in order to fit the results with theory. Values for Kea' ,p0 , a0 , and 
the surface area per elementary charge for various electrolyte mixtures are given in 
Table V. 
In Fig. 29, it was noted that in 10-5 M CaCJ2 solution, the decay of the 
double-layer force with distance is somewhat more rapid than according to theory. This 
observation is in agreement with the results of earliPr rneasurements of double-layer 
forces between mica surfaces ID dilute CaCl2 solutions (Jsraelachvili and Adams, 1978) 
and might reflect inadequacies of the double-layer theory. In a 100 mM NaCl + 10 mM 
CaCl 2 solution, no repulsion could be n·1easured any rr1ore. 
Figs. 29 and 30 show that the van der Waals attraction becomes apparent below 
30 A bilayer separation. The bilayers jump into adhesive contact. from that distance 
where the gradient of the force equals the spring constant. Taking the van der Waals 
Table V: DOUBLE LAYER AND ADHESION RESULTS FOR 
DSPG BILAYERS AT 22 ° C; (KNa = 0) 
Surface Binding 
Electrolyte Concentration Potential Surface Charge Const. 
NaCl CaCl2 .P'O (JC() Kea 
(C/m2) 
0 
(mM) (mV) (A2/charge) (M-1) 
0.3 
- -310 -0.381 42 -
1.1 - -265 -0.381 42 -
9.2 - -212 -0.381 42 
-
100 
- -154 -0.381 42 -
~0.03 0.01 -93 -0.0075 2130 60 
~0.03 0.12 -64 -0.0080 2000 48 
~0.03 l.2 -37 -0.0083 1930 40 
1 0.1 -69 -0.0109 1470 40 
1 l.2 -37 -0.0088 1820 40 
JOO 0.1 -65 -0.0623 257 40 
100 1.0 -38 -0.0315 508 40 
100 10.0 - - - -
79 
Adhesion 
Energy 
Eo 
(dyne/cm) 
-
-
-
-
0.48 
0.56 
0.64 
0.40 
0.64 
-
-
0.80 
force law Eq. (33), the forces below D = 20 A can be fitted when a Hamaker constant of 
about 8 - JO x 10-21 J is used. This value is slightly higher than the theoretically 
expected value of 5 - 7 X 10-21 J for two hydrocarbon slabs interacting across water 
(Parsegian and Ninham, 1970). r\ sin1ilar small discrepancy \Vas found iu the previous 
chapter when the measured force-laws between PC or PE bilayers were analysed (see 
Section 4.2.6); the same possible reasons as the ones given in Section 4.2.G might, apply 
in the present case to explain this matter. 
Upon pulling the bilayers out of adhesive contact, an adhesion force F0 is needed 
to separate the surfaces. This adh<'sion force F 0 is related to the intcrfacial free energy 
per unit area, E0 , of two planar bilayers at their equilibriurn separation D 0 according t,o 
Eq. {10). Values for E0 at various electrolyte concentrations are given in Table \T. \\'c 
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Fig. 29: Measured forces between two DSPG bilyers (22 ° C, pH= 5.5) at various 
CaCI 2 concentrations. The arro\vs give the surface separations from where a jump 
into adhesive contact. occurred. The solid lines are the theoretically predicted force 
curves using the binding constants given in Table V and assurning a Harnakcr con-
stant A= 6 x 10-21 .J. (a) 0.01 mM CaC!2; (b) 0.12 mM CaCl2; (c) 1.2 mM 
CaCl2. 
see that E0 has a limiting value of about 0.8 dyne/cm when the double-layer force 
becomes small. Using Eqs. (33) and (40) with A= 6 x 10-21 J, a calculation shows that 
the corresponding equilibrium bilayer separation should be D0 = 4 A. This agrees with 
the measured D = 3-5 A where the curved bilayers jumped apart from each other under 
a pull-off force. Whether this non-zero distance can be called a hydration layer or not 
remains subjective. After all, \vhen the t\vo bilayers are at their equilibrium separation, 
a layer of Ca2+ ions is present bet.\veen the surfaces and is expected to have an effect on 
D0 through the finite size of the Ca
2+ ions. 
The proton dissociation from the DSPG headgroups was investigated by 
measunng the interlayer forces at different values of the pH. The measured force-laws 
are given in Fig. 31. 
The same formalism used to describP the binding of Na+ 10ns with the charge 
regulation model was applied to evaluate the binding of protons. At pH = 4.7 and 4.2, 
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Fig. 30: Measured forces between two DSPG bilayers (22 ° C) in mixtures of NaCl and 
CaCJ2 (see also legend of Fig. 29). In a JOO mM NaCl+ 1 mM CaCI2 solution, an 
outward jump from D = 4 A to D = 20 A was observed. (a) 1 mM NaCl+ 0.1 
ml\1 CaCl2; (b) 1 mM NaCl+ 1.2 mM CaCI2; (c) 100 mM NaCl+ 0.1 mM CaCl2; 
(d) JOO mM NaCl + 1 mM CaCI2. 
the intrinsic binding constants Kn were Kn= 120 M- 1 and 150 M- 1, respectively. These 
values should be compared with the literature value for the dissociation of H2Po4 m 
solution (25 ° C), i.e. KH = 132 M- 1 (Handbook of Chemistry and Physics). 
At pH > 5, the proton concentration becomes relatively very low and the 
difference between the force curve of the fully charged bilayer and the partly protonated 
bilayer becomes relatively small. Under these circumstances, the constants KH can not 
be determined accurately any more. On addition of 10 mM NaCl to a solution of 
pH = 4.7, the force curve became indistinguishable from the force curve in a 10 mM 
NaCl solution at pH= 6.9. Below pH= 4.0, it is expected that the phosphate groups 
are hydrolyzed on the bilayer surface. 
5.2.4 Forces bet.ween DMPG Bilayers 
A DMPG bilayer in a monovalent electrolyte solution (pH '.:'=' 7) exists in the fluid 
state above T = 24 ° C. The present experiments were performed at T = 27 ° C. 
0.1 
pH=4.7 
pH=4.2 
pH=4.7 
10mM NaCl 
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Fig. 31: Measured forces between two DSPG bilayers (25 ° C) at pH= 4.7 and 4.2. 
The solid lines are the theoretically predicted forces using a binding constant 
KH= 120M-1 (,&if' =-221 mV) or KH= 150M-1 (,&if' =-191 mV) at pH=4.7 
and pH = 4.2, respectively. Background electrolyte concentration "" 10-5 M 
1nonovalent electrolyte. In a I mM NaCl, pH = 4. 7 solution, the experimental 
(and theoretical) force curve is virtually indistinguishable from the predicted force 
curve between two fully charged bilayers. No adhesion was observed. 
Following addition of CaC12, the phase transition temperature rises because of the 
decrease of the electrostatic free energy of the surface (Trauble et al., 1976). Note on 
the other hand, that with a head group area of 60 A 2 at which the DMPG bilayer was 
deposited, the monolayer at 27 ° C remains in the fluid state in the presence of CaCI2 
(Fig. 26) and shows a liquid-gel phase transition only below a headgroup area of 56 A2. 
When a bilayer goes through a phase transition, it should contract to a smaller 
headgroup area and at the same time thicken. However, since the DMPG layer IS 
deposited on top of a DPPE rnonolayer, the DMPG layer cannot contract to a 
hcadgroup area of 42 A2 without exposing a large hydrophobic DPPE surface area to 
\\'ater, which is energetically extrcrr1ely unfavourable. Of course, extra DMPG 
monomers from solution can be incorporated but in regard to the very small DMPG 
equilibriurr1 concentration ( < ](f6 IV1), this rnust be a very slow process. The 
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experiments were carried out in a rnatter of hours and the headgroup area is expected to 
be fixed at 60 A 2, leaving the DMPG layers to remain in the fluid phase whether this is 
the equilibrium phase or not. Indeed, no indication of a thickening of the bilayers 
became apparent during the experiments. 
Fig. 32 gives the forces between two DMPG bilayers in 1.5 mM NaCl and 
mixtures of NaCl and CaC12, all at about pH = 6. As was found for the DSPG bilayers, 
also the DMPG bilayers showed no hydration force in the presence of CaC12 when they 
came into adhesive contact. Results from the analysis of the force curves are presented 
in Table VI. 
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Fig. 32: Measured forces between two DMPG bilayers (27 ° C) in a 1.5 mM NaCl solu-
tion (pH = 6.9) or in solutions containing a mixture of NaCl and CaC12 
(pH = 5.5). The solid lines give the theoretical force curves using the binding con-
stants given in ~fable VI and assurning a Hamaker constant A = 6 x 10-21 J. The 
arrows give the surface separations frorn v.;here a jump into adhesive contact oc-
curred. (a) I mM NaCl; (b) 1.5 mM NaCl+ 0.08 rnl\1 CaC12; (c) 1.5 mM 
NaCl + I mM CaCl2; (d) 100 rnM l\aCl + I rnM CaC12. 
it, is apparent that the binding of both Na+ and Ca2+ to DMPG is stronger than 
to DSPG. The forces between Dl\IPG bilayers in a 1.5 mM NaCl solution are smaller 
than those between fully charged bilayers and can be fitted with an intrinsic binding 
Table VI: DOUBLE LAYER AND ADHESION RESULTS 
FOR DMPG 131LA YERS AT 27 ° C. 
Surface Binding 
Electrolyte Concentration Potential Surface Charge Const. 
NaCl I CaC12 .,P'Q ,,oo KNa I Kea 0 
(mM) (mV) (C/m2) (A 2 /charge) (M-1) 
1.5 - -191 -0.0970 165 0.6 -
1.5 0.08 -60 -0.0088 1820 0.6 100 
1.5 1 -28 -0.00.56 2857 0.6 100 
100 1 -32 -0.0260 615 0.6 60 
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Adhesion 
Energy 
Ea 
dyne/cm) 
-
0.64 
0.96 
0.25 
constant KNa = 0.6 M- 1, a value often quoted in the literature for phosphatidylglycerol 
bilayers (Lau et al., 1981). A consequence of the stronger ion binding is that in a 
lOOmM NaCl+ 1 mM solution, a significant adhesion energy 
E0 = 250 mdyne/cm exists 1 whereas no adhesion was observed between two DSPG 
bilayers in the same electrolyte solution. Using the binding constants given in Table VI, 
excellent agreement with theory is obtained at large surface separations, but like what 
was found for DSPG bilayers, the theoretically predicted force-law is slightly too 
repulsive at small bilayer separations. Finally, the value of Kea decreases by almost a 
factor of two when the NaCl concentration is increased. 
5.2.5 The Contraction of a DMPG Monolayer at the 
Air-Water Interface following Addition of CaCJ 2 
With the results on the surface potentials and binding constants of DMPG 
bilayers, we can now ret11rn to the monolaycr cornpression isotherms in Fig. 26 and 
analyse the observed changes in the surface pressure fl as a function of the electrolyte 
concentration. Because the compression isotherms give an idea about the lateral 
interactions existing bet\vcen adjacent lipid rnolecules in rno11olayers or bilayers, this 
analysis should provide insight into the irnportance of electrostatic interactions on the 
total lateral interaction. 
The equations in Section 1.3 arc used to evaluate the diffuse double-layer 
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contribution JJcl to the total surface pressure I1 0°f the charged monolayer. The data in 
Table VI are used to calculate V'o at a headgroup area of 60 A 2 in the monolayer. The 
results on the differences in ff1 at various electrolyte concentrations are given in 'fable 
VII and a comparison is made with the experimentally observed changes in JJ. 
Table VII: MONOLA YER DATA OF DMPG (27 "C) 
Electrolyte Concentration neI Lin°! LiJJ 
NaCl I CaCI2 ( theor.) ( theor.) ( exptl.) 
(mM) (dyne/cm) (dyne/cm) (dyne/cm) 
1 - 4.7 } 1.3 1.4 100 - 3.4 
100 - 3.4 } 3.0 5 100 1 0.4 
1 - 4.7 } 4.6 13 1 I 0.07 
100 I 0.4 
} 0.3 6 
1 I 0.07 
It is apparent that good agreement with theory is only obtained when the 
subphase does not contain CaCI2. When CaCI2 is added, the observed decreases of the 
surface pressure are significantly larger, especially at lo\v NaCl concentrations, than the 
theoretical predictions in which only the diffuse double-layer contribution is taken into 
account. The results indicate that changes in the chcrnical interactions between lipids 
accompanying ion binding are important as well and can be n111ch larger than the change 
in the double-layer interactions alone. 
5.3 DISCUSSION 
The interbilayer force measurements have shown that there are only two types of 
forces operating betwef~n ionic bilayers: at long range the repulsive double-layer force 
and at shorter range the attractive van der Waals force (though some additional 
attraction at small bilayer separations can not be ruled out). No r<'pulsive hydration or 
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steric force is observed, contrary to what has been claimed by Cowley et al. (1978). It 
follows that if adhesion and/or fusion is to occur between negatively charged bilayers or 
vesicles, the only repulsion that needs to be overcome is the double-layer force. 
Also, no hydration forces were measured between bilayers of the cationic diocta-
decy ldimethy lammonium surfactants (see next Chapter). Certainly, it is not the specific 
nature of the individual phosphate and methylated ammonium groups that is responsible 
for the hydration force found between PC and PE bilayers. In the latter bilayers, it 
must be the dipolar character of the zwitterion in the lipid headgroup which causes the 
hydration force, as proposed by Kjelland er and Marcelja ( 1985b ). According to their 
theory, the electric field between the oppositely charged groups on the PC or PE bilayers 
strongly orientates the water molecules in the vicinity of the surface (Pashley, 1981). 
When these bilayers are brought together, the water structure becomes disturbed which 
is energetically unfavourable. A hydration repulsion is the consequence. 
Experi1nents on bare mica surfaces have shown that hydration forces are 
intimately associated with the adsorption of ions on the surface (Pashley, 1981). 
Because there, the negative surface lattice charge is known to be located a s1nall distance 
belo\v the basal plane of the rr1ica/wat.er interface, the adsorbed ions form dipoles \Vith 
these lattice charges and a hydration force is observed v.·hen the n1ica surfaces are 
brought together. 
However, in the present experiments on l-)G bilayers, no hydration force is 
observed in CaCJ2 solutions although almost 50% of the lipids carry an adsorbed Ca
2+ 
ion. Assuming that the range of the hydration force is somehow a function of the dipole 
moment of the ionic species on the surface, the absence of a hydration force could be due 
to the intirnate association of the Ca2-+- ions \.vith the phosphate groups, creating only a 
small dipole moment. Another possibility is that the adsorbed cations are simply not 
'seen' when the bilayers corne into contact because they sit bct\veen the headgroups, and 
probably bridge-bind between two adjacent headgroups (see below). 
A phase transition in a PG bilayer appears to influence the binding affinity of ions. 
Bilayers in the fluid phase (DMPG) bind ions stronger than bilayers in the gel phase 
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(DSPG). This is also apparent from the observation that the adhesion between DMPG 
bilayers is stronger than the adhesion between DSPG bilayers in the same electrolyte 
solution. The magnitude of the adhesion force can be explained approximately from the 
sum of the van der Waals force and the double-layer force at the equilibrium bilayer 
separation. No bilayer fusion was ever observed to take place in this system. Note that 
the binding constants in Tables V and VJ for Ca2+ with PG and the binding constants 
in Table JV for Ca2+ with PE and PC, which had values between 12 and 120 M- 1, are of 
comparable magnitude. 
The intrinsic binding constants Kea in JOO mM NaCl ( 40 M-1 and 60 M- 1 for 
DSPG and DMPG, respectively) are larger than the binding constant Kea "=' 8.5 M-1 in 
a JOO mM NaCl solution (PG in the fluid phase) reported by Lau et al. (1981), who used 
the same adsorption model. Also, their reported zeta potential 1/'o = -41 mV measured 
by electrophoresis in a 100 mM NaCl + l mM CaC12 solution, is clearly higher than the 
value of ,p0 = -32 mV at the OHP, found for DMPG bilayers in the present study. The 
latter comparison can be made because the OHP should be very close to the plane where 
the zeta potential is measured, a view held by most colloid scientists (Hunter, 1981 ). 
A possible source of the discrepancy might be that Lau et al. (1981) used PG 
derived from egg-PC, which has a different hydrocarbon composition than synthetic 
DMPG. It is difficult to say to what extent a different hydrocarbon interior 
( unsaturation, et.c.) changes the properties of the headgroup region, and a 
straightforward comparison between the two studies might not be possible. Another 
circumstance which should be considered is that in the present system, the potential at 
the OHP has been obtained using the theory of the diffuse double-layer. It is not 
obvious that this theory holds very close to the surface (where the zeta potential is 
measured), since discrete ion effects are not accounted for (i.e. Stern layer effects). This 
might affect the decay and magnitude of the potential up to a few A from the surface. 
Inspection of Table V shows that for a DSPG bilayer, the values for Kc are 
. ,a 
independent of the electrolyte concentration (except in J0-5 M CaC12 but that Yalue is 
somewhat uncertain since the cxperirr1ental decay of the double-layer force docs not 
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agree with theory), suggesting that the Langmuir adsorption model JS quite adequate 
here. 
Table VI shows that the Langmuir adsorption model holds less well for the fluid 
DMPG bilayers. The values Kea decrease with an increase in the electrolyte 
concentration, a trend also found by Lau et al (1981). A possible reason is that the 
assumed 1:1 binding mode only is too simplistic and that 2:1 binding also occurs where 
Ca2+ bridges two neighbouring lipids. A 2:1 binding mode on phospholipid bilayers has 
been shown to exist by Altenbach and Seelig (1984), but a 1:1 binding mode is certain to 
occur as well, since by electrophoresis, PG membranes have been shown to reverse 
charge in concentrated CaCl2 solutions (Lau et al., 1981). 
An adsorption model in which both binding modes are considered is readily 
developed (but also increases the number of adjustable parameters). This has been done 
recently by Ohshima and Ohki (1985) who analysed their binding studies on PS 
monolayers with such a model. Like what was found for PG monolayers here, they also 
found that upon addition of CaCI 2, the surface pressure of a PS monolayer decreased 
much more than could be accounted for by pure double-layer effects only. According to 
t.herr1, thf' main cause of the decrease in the surface pressure following addit.ion of CaCJ 2 
is a conformational change of the lipid headgroups due to the bridge-binding of divalent 
10ns. A similar explanation can be given for the results presented here. (Note that 
possible Stern layer effects have always been ignored.) 
Of relevance is also the work of Verkley et al. (1974), and Van Dyck et al. (1975, 
1978) who studied the morphological characteristics and phase transitions of synthetic 
PG aggregates. They found a drastic increase in the phase transition temperature near 
surface neutralization by Ca2+ adsorption, and a rnorphological change from liposomal 
structures to cylindrical or larr1ellar structures. 
These observations indicate that Ca2+ has a marked effect on the nature of the 
bilayer surface. The present results on PG n1onolayers show that apart from 
double-layer interactions, other more specific short-range factors like bridge-binding 
and/or conformational changes also play an irnportant role. 
CHAPTER6 
EFFECTS OF COUNTERION SPECIFICITY 
ON THE INTERACTIONS BETWEEN 
QUATERNARY AMMONIUM SURFACTANTS 
IN MONOLAYERS AND BILAYERS 
6.1 INTRODUCTION 
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llecently, a strong interest has grown around the phenomenon of the spontaneous 
formation of vesicles of dialkyldimethylammonium salt surfactants (Ninham et al., 1983; 
Brady et al., 1984). Many of the surfactant salts such as the fluoride, acetate and 
hydroxide salts are very soluble in water, give isotropic solutions up to high surfactant 
concentrations and form stable vesicles spontaneously. 'fhis is in sharp contrast to the 
extensively studied vesicle systems of phospholipids (Fendler, 1983) which usually 
require sonication to facilitate vesicle forrnation, are often unstable, eventually reverting 
to a liquid-crystalline lamellar phase. In general, these vesicles are not monodisperse 
either. 
As the theory concerning the equilibrium statistical mechanics of self-assembly of 
dilute surfactant solutions is well established (Israelachvili et al., 1976, 1977; Carnie et 
al., 1979; Evans ct al., 1986), it is iinportant to have access to equilibrium systems 
which can be subjected to intensive scrutiny. The dialkyldimcethylammonium salt 
surfactants provide such a systen1. 
The theory of the assembly of surfactants can be characterized in terms of the 
geometric parameter v /al. Here v is the volurrle of the hydrocarbon region of the 
surfactant, a is the optirnal headgroup area and I is an opti1r1al hydrocarbon chain length 
related to its maximum extended length. The theory relates the shape of the aggregates 
I 
to the value of v /al: (l) spherical micelles: v/al < :;; (2) globular or cylindrical micelles: 
" 
1 1 3 < v/al < 2, (3) vesicles or bilayers: 
1 
2<v/al<Sl. 
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These criteria demand that if 
vesicles are the desired structure, one is norrr1ally restricted to double-chained 
surfactants (larger v). Single-chained surfactants form micellar structures. 
The relationship between aggregate geometry and surfactant structure has 
received considerable attention, but specific countcrion effects have remained largely 
unexplored (Brady et al., 1985). The present study deals with specific counterion 
effects. Attention is given to the possible influence which counterion adsorption and 
Stern layer effects can have on the aggregate geometry (via its effect on the optimal 
headgroup area a). Note that Stern layer effects were ignored in analysing the results 
given in the previous chapters. 
In general, counterions will adsorb to some extent to the surfactant headgroups. 
This not only alters the electrostatics on the aggregate surface, but also might change 
the hydrophobic-hydrophilic nature of the surface through specific interactions of a 
non-electrostatic kind (Ohshima and Ohki, 1985) (dehydration of the surfactants, 
conformational changes in the ~urfactant headgroups, etc.). In the case of quaternary 
a1nrnon1urn surfactants, there is some evidence that Stern layer effects, where the 
distance of closest approach of an unbound counterion to the surface is considered 
(Ninbam et al., 1983; Brady et al., 1985; Stigter, 1975; Beunen et al., 1983), must be 
given special attention. Here, the size of the ion becomes irnportant because it 
determines the thickness of the Stern layer and the actual surface potential (Hunter, 
1981). 
Specific interactions can also greatly change the lateral interactions between 
surfactants in a monolayer or bilayer. This has been sho\Vn in the previous chapter \Vith 
the work on PG, and by Ohshima and Ohki (1985) with work on PS. Jn those systems, 
the specific influence of bridge-binding of Ca2+ seemed to be most important (the 
significance of Stern layer effects is completely unknown). Specific effects have been 
found to exist in the spontaneous forrnation process of vesicles of quaternary an1rnonium 
salt surfactants (Ninbam et al., 1983; Hashimoto et al., 1983; Talmon et. al., 1983) and 
are evidently responsible for the phenomenon of counterion-dependent CMCs and 
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aggregation numbers in micellar solutions (Brady ct al., 1985; Porte and Appell, 1982). 
They also have shown up dramatically in three-component ionic microcmulsions (Evans 
and Ninham, 1986). An understanding of these processes enables one to elucidate 
specific counterion effects other than counterion valency. 
A logical way to attack this problem is first to establish the amount of ion 
adsorption by the direct force measurement technique and second its consequences on 
the lateral interactions between adjacent surfactant molecules by recording the surface 
pressure of the monolayer as a function of the electrolyte species present in the subphase, 
as has also been done with PG lipids. Changes in the lateral interactions between the 
surfactants are expected to be related to the equilibrium headgroup area and hence the 
curvature of a surfactant aggregate through the geometrical factor v /al. 
Direct force measurements between (planar) bilayers are also of use in the 
evaluation of the interaggregate interactions. The latter can be obtained by a simple 
scaling of the measured bilayer interaction as long as the aggregates are large compared 
to the range of the interaggregate interaction {lsraclachvili, 1985a). The interaggregate 
interactions are in1portant to explain the phase behaviour of surfactant solutions as a 
function of the surfactant concentration (Brady et al., 1985). 
Using the direct force 1neasurernent technique, J>ashley et al. ( 1986) investigated 
the interactions between bilayers of dihexadecy ldimethylammonium acetate surfactants. 
Because these surfactants are soluble in water, they could be adsorbed from solution as a 
bilayer on the mica surfaces. The advantage of this adsorption from solution method is 
that the adsorbed bilayers and the surfactants in solution necessarily form an 
equilibrium system. A disadvantage is that at low electrolyte concentrations, the 
aggregates in solution have an influence on the measured double-layer force bet\veen the 
adsorbed bilayers, which is hard to quantify, especially when the geometry of the 
aggregates is unknown. Using the Langmuir-Blodgett deposition technique for an 
insoluble surfactant like dioctadecyldimethylarnmonium bromide (DOABr), the solution 
can be saturated with rnonorncrs vvithout containing any aggregates and provides an 
infinite reservoir of electrolyte. 
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Finally, it can be expected that the general binding behaviour of anions to the 
quaternary ammonium headgroups responsible for the electrostatics on the amphiphilic 
surfaces, will not depend sensitively on the precise length of the hydrocarbon tails and 
the results obtained here with DOA salt surfactants should be of relevance to shorter 
chained surfactants as well. Of course, the packing of the surfactants and the geometry 
of the aggregates do depend on the hydrocarbon chain length, but this can be accounted 
for as long as the optimal headgroup area remains approximately the same. 
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Fig. 33: Monolayer compression isotherms of DOA (at 22 ° C) on different electrolyte 
solutions: (a) 1 mM NaAc or 1 mM NaF; (b) l mM NaOH + 2 x 10-5 M Na2C03 
or 1 mM NaOH + 1 mM Na2C03; (c) pure water; (d) 1 mM Na2S04; (e) l mM 
NaCl+ l mM Na2S04; (f) 1 rnM NaCl; (g) 1 mM NaBr. 
6.2 RESULTS 
6.2.1 Monolayer Compression Isotherms 
Fig. 33 gives the rnonolayer compression isotherms of DOA salts at T = 22 "C for 
different electrolyte species present in the subphasc. (1'hc concentration of the original 
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Br- counterions becornes negligible as soon as the rnonolayer is spread on water.) The 
subphase containing 1 mM Na2CO. also contained l mM NaOH to ensure the complete ,, 
ionization of the co~- ion. 
" 
It is clear that the properties of DOA depend strongly on the type of counterion, 
indicating a pronounced ion specificity. The fluoride, acetate and carboxylate surfactant 
monolayers are completely of the liquid-expanded type whereas the sulphate, chloride, 
and bromide surfactant monolayers all show a phase transition from the liquid phase to 
the condensed phase. Because this phase transition occurs at different surface pressures 
for the various counterions, the critical temperature Tc beyond which no phase 
transition occurs must depend on the type of counterion. An interesting observation is 
that the ability of the anions to contract the monolayer follows a lyotropic series in the 
order Br- > c1- > F-. This is also the order in which the anions become decreasingly 
hydrated, suggesting that the specificity of the counterions is directly related to their 
hydration. The monolayer contraction on a subphase containing a mixture of Na2S04 
and NaCl is intermediate bet\veen the observed contractions in the presence of only 
6.2.2 The Deposited Headgroup Area 
Before the forces between DOA bilayers in vanous electrolyte solutions could be 
measured accurately, a problern arose concerning the deposited headgroup area. When 
the deposition was carried out in pure water, which gave a deposited headgroup area of 
60 A.2 (1:1 transfer ratio at a surface pressure of 32 dyne/cm, see Fig. 33), and 1 mM 
NaF was subsequently added, some of the surfactant molecules seemed to get pushed out 
of the bilayers. 1'his bcca1ne apparent \vhcn the interbilayer forces \Vere measured: at a 
surface separation D '.:".'.:" 30 A, the repulsion bcca1ne 1nuch stronger than was expected 
from the double-layer forces alone. On application of the force F /R ~ 60,000 
mdyne/cm, a layer of material \Vas rapidly squeezed out and the bilayers came to the 
position D = 0, where bilayer contact occurred before addition of NaF. Subsequent force 
versus distance measurements gave much less repulsive forces, but sorr1e additional 
repulsion at short. bilayer separations remained. The sarne phenomenon, but to a lesser 
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extent., was observed when I mM NaOll was added into the apparatus. Then the 
rnatcrial bet.\vcen the bilayers was squeezed out at a force F /R ~ 10,000 rndyne/cm. 
These observations are not surprising when the inonolaycr compression isotherms 
rn Fig. 33 are studied again. At. a headgroup area of 60 A2, the surface pressure and 
hence the surface energy, increases substantially \vhen NaOH and especially when NaF is 
added t.o the subphase. The pressure can be reduced when the headgroup area becomes 
larger, which in the case of a deposited bilayer is only possible when a number of 
surfactant. molecules is pushed out. of the bilayer. Indeed, no additional bilayer 
repulsions \Vere observed when the disposition \Vas carried out from a 1 mM NaF 
subphase, which gave a deposited headgroup area of 70 A 2 at a disposition pressure of 32 
dy.ne/crn. 
Following these preliminary investigations, it was decided to deposit bilayers from 
a subphasc containing 1 mM NaF when forces in NaF or alkaline solutions were to be 
ineasured. In all other cases the deposition was done in pure water, choosing a 
hcadgroup area of 60 A2. 
6.2.3 Forces between DOA Bilayers 
Figs. 31 and 35 give the forces between DOA bilayers as a function of their 
separation In pure \vater, solutions of the monovalent ions i\aCl, NaF, Na.OH, and 
solutions of the divalent 10ns Na2S04 and Na2C03. At large separations, only a 
repulsive double-layer force is measured. At shorter range, typically less than 30 A, the 
interaction becomes attractive: at the surface separation \\.rherc the gradient of the 
surface force equals the spring constant, an instability occurs and the bilayers jurnp into 
adhPsive contact. rJ'he position 1) - () \\'h('f(' tJip surfaces COillC into adhesive contact, 
appeared to be essentially a hard \val!. No hydration force \Vas observed in any of the 
electrolyte solutions considered. l3ccause the l)O.r\ headgroups are exposed at the 
bilayer surface, a logical choice is t.o take D :=-~ 0 as LIH• out<•r l-Iel111holtz plane, and also 
as the van der Waals plane \vhcrc the van der \Vaals interact.ion of hydrocarbon across 
\.vater beco1nes infinitely large. 
WiLh this reference distance, tlie force-la\VS in Figs. 34 a11d 35 can now be analysed 
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Fig. 34: Measured forces between DOA bilayers in vanous electrolyte solutions at 
22 ° C: (a) I mM NaF; (b) I mM NaCl; (c) I rnM NaOH + 2 x 10-5 M Na2C03; 
(d) I mtvl Na2S04. The inward and outward jumps are indicated by inward and 
outward arro\vs. The solid curves are the theoretical curves \Vith charge regulation 
in which a Hamaker constant of 6 X 10-21 .J has been used. 
by fitting the curves to the theoretical double-layer repulsion with charge regulation. It 
appeared that the fitted surface charge density was always well below its value for the 
fully charged bilayer. Even in "pure" water, a considerable arr1ount of ion binding to the 
bilayers had to be taken into account. From the measured Debye length, the ionic 
concentratiot1 in pure \Vater seerns to hf' about a x io-5 I\1 (assurncd to be monovalent) 
and rnusL mainly stern fron1 dissolved C02 and ions leaking out of the glass-\vare, and 
the stainless steel force n1easurerr1ent apparatus. 'fhis effect is disturbing, but can be 
separated out. by assigning a separate binding constant to the background electrolyte. 
When this is taken into account, the bindiIJg of the oth<~r electrolyte species can be 
invest,igated independently. 'fhe analysed double-layer pararneters 1f/Q, aQ , and the 
binding constants are given in 'fable \!}JI. Jt \\'as noted that the theoretical force curves 
calculat.ed v..1 it.h charge regulati<;ll were~ very close to the predicted force curves at 
constant surface potential, \Vliercas the force curves at constant surface charge were 
always clearly too repulsive. 
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Fig. 35: Measured forces between DOA bilayers in various electrolyte solutions at 
22 "C: (a) pure water; (b) I mM NaCl+ 0.1 rnM Na2S04; (c) I mM NaF + I 
mM NaOll + 0.89 mM Na2C03; (d) I mM NaCl+ 1.2 rnM Na2S04. The inward 
and ontv-.'ard jumps are indicated by inward and outward arrows. 'fhe solid curves 
are the theoretical curves with charge regulation in which a Harnaker constant of 
G x 10-21 J has been used. 
F- ions do not appear to bind to the DOA headgroups but er ions do. That there 
is a difference between the binding affinity of F- and Cl- ions is already clear from the 
observation in Fig. 34 that the forces between DOA bilayers in a I mM NaF solution are 
more repulsive than in a 1 rnM NaCl solution. Addition of I mM NaOH results in an 
interbilayer force that is much \Vcaker. I-Io\vcver, it rnust. be remernbercd that at 
pH= 11, all the dissolved C02 is present in the divalent carboxylate ion Co~- form. 
Fro1r1 the measured pII =--- 5.·1 in pure \VaLer and the values for the dissociation constants 
of JJ 2co3 and IIC03, it is readily calculated that tlw equilibrium co~- concentration 
must be about 2 x 10-5 M. Assuming that only the co~-ions bind to the surfactants, a 
binding canst.ant Keo. ~ 20l\r 1 was inferred. Jn a medium containing I rnM NaOJl, 
" 
1 rnf\1 NaF and 0.89 n1M Na2CC) 3, the sarnc value ror l<c03 ernergf'd assun1ing again no 
Oir binding. The agreement indicates tl1at. the binding affinity of Oir is probably very 
srnall and uni1nportant in solutions containing Na2C03. 
Table VIII: *DOUBLE LA YER AND ADHESION RESULTS FOR DOA BILAYERS AT 22 ° C. 
Electrolyte Conccn tration Surface Surface Charge Binding Constants Adhesion Equilibrium 
Potential K Energy Separation 
monovalent divalent t/J'Q uco 0 monovalent! divalent Ea Do 
(mV) (C/rn2) (A.) 2 /charge (M-1) (dyne/cm) (A) 
1 mM NaF - 178 -0.0603 265 0 - - -
1 mM NaCl - 154 -0.0367 436 12 - - -
1 mM NaOH 2 x 10-5 M Na2CO? 97 -0.0172 930 0 20 0.32 3.6 
1 mM Na2S03 35 -0.0063 2540 - 60 3.18 2.2 
3 x 10-5 M - 213 -0.0214 748 75 - - -
(pure water) 
I mM NaCl 0.1 mM Na2S03 72 -0.0122 1308 12 30 0.96 3.2 
I rnM NaF + 
0.89 ml\1 Na2C03 49 -0.0132 1209 - 20 0.64 4.1 
I mM NaOH 
I mM NaCl 1.2 mM Na2S03 40 -0.0100 1595 12 30 1.43 3.0 
' The presence of a backgrounds electrolyte concentration of 3 x 10-5 M with a binding constant K = 75 M- 1 is 
al\vays taken into. account separately~ 
·---
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Addition of Na2S04, or mixtures of Na2S01 and NaCl, leads to interbilayer forces 
which also indicate considerable binding of the sulpliatc counterions. 
The adhesion energy E0 was calculated from the force F 0 needed to separate two 
bilayers in adhesive contact according to Eq. (40). Values for E0 arc given in Table 
VIII. Assuming that the origin of the adhesion force stems completely from the sum of 
the van der Waals force and the double-layer force, we have at the distance D = D0 for 
the adhesion free energy 
( 45) 
The first term on the right of Eq. (45) is the expected form for the (non-retarted) van 
der Waals attraction with the Hamaker constant A~ 6X 10-21 J, as expected 
theoretically for hydrocarbon interacting across \Vat.er. For bilayer separations much 
less than the bilayer thickness (about 50 A) the van der VVaals contribution fron1 the 
mica surfaces can safely be ignored (see Chapter 3). Using the extrapolated magnitude 
of the double-layer force FDL near bilayer cont.act., the values for D0 can be obtained 
from the measured E:0 with the help of E:q. (15). Although this procedure must be 
approached \\'ith caution because a rnacroscopic theory is extrapolated into the 
molecular regime, the results in Table VIII for D0 show that already a small difference in 
D0 can lead to a large change in E 0. The differences between 0 0 in various electrolyte 
solutions are probably roughly related to the difference in the size of the countcrions 
trapped between two bilayers in adhesive contact. D0 is larger for co§-t11an for So~-
anions, sho\ving that the forrr1cr has a larger radius than the latter. It is expected that 
the lessc~r the hydration of the ions is, the greater thc,ir binding affinity \\'ill be. Indeed, 
the binding constant K504 \Vas found to be larger than l\()Q 3. 1'h<> sarne is true for the 
lesser hydrated ci- ion as compared tot.he strongly hydrated wand ow ions. 
1""hc force curves in Figs. 34 and 3!) are fit.tPd \vitli the l1arnaker constant 
A "-- 6x 10-21 J. Like what was found for PG bilayers (and probably because of tl1c 
sa1nc possible reasons), the surface separations v . .il1Pr<' expcrinlf'Jlt.ally an i11v..-·ard jurnp 
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occurred, were al\vays a little farther out than pr<~dicted theoretically, and the 
theoretically predicted forces below D - 25 A were always somewhat too repulsive (i.e. 
experin1entally too attractive). 
It is evident frorn the observations in F'igs. 33-35 that the various monovalent and 
diva]P,nL ions induce different surface interactions. It is interesting to investigate how 
much of the observed differences between the various rnonolayer coinpression isotherms 
in Fig. 32 can be explained through the differences in the diffuse double-layer free energy 
of the monolayers (see Section 1.3 for the equations). Using the values 1/;if' in Table Vlll 
for pure water, 1 mM NaCl, and 1 mM NaF, the calculated values for ne1 are 1.0, 1.7 
and 2.9 dyne/cm, respectively, at headgroup areas of about 60-70 A2. The occurrence of 
phase transitions in the rnonolaycr compression isotherms makes an exact analysis 
impossible, but it can be seen in 1'_,ig. 33 that the monolayer isotherm on \vater is indeed 
shifted upward by about 2 dyne/cm when a 1 mM NaF subphase is used. On the other 
hand, the rnonolayer isothcrn1 on a 1 ml\1 NaCl subphase is well bclo\v the one on pure 
water, \.vhereas theory predictn that nel on a 1 n1NI NaCl subphase should be larger than 
on pure \Vater. 
lt alno ran Ge sho\vn that \vhen Eq. (30) is used for the rnonolayer isotherms on 
1 mM Na2S04 and 1 mM Na2C03 subphases, a value II"
1 < 1 dyne/cm results, i.e. 
lower than the values for ne1 on the monovalent electrolyte containing subphases. 
Nevertheless, the isotherrns are seen to be quite expanded. Apparently, the lateral 
interactions between DOA salt surfactants can not be explained from the diffuse 
double-layer theory alone and another explanation involving Stern layer effects related 
t.o the specific nature of the countcrions must be sought. 
6.3 DISCUSSION 
It has emerged that both inLcrbilayer and int.rabilayer illteractions exhibit a 
prononnced ion specificity. Large hydrated co11nterions like F-, 01-I- and Ac()- give 
expanded rnonolayer cornpression isothern1s. I>asbley et al. (198G) and Brady et al. 
(1985) report, that like \vliat has been found here for -fluoride and hydroxide, also acetate 
counterions do not bind to DOA headgroups. Following the lyotropic series F- > ci- > 
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Br-, the srnaller the (hydrated) anion, the rnore contracted the monolayer isotherm 
bcc:o1nes and the stronger the counterions behind to the DOA bilayer. f>ashlcy et. al. 
(1986) found that the intrinsic binding constant KBr is about six times larger than the 
Kci found in the present study, in agreement with this expectation. Also, the somcWhat 
more hydrated co~- ions show a lesser degree of binding than so~- 10ns. 
However, the monulayer contraction in 1?ig. 33 can not be explained only fron1 the 
decrease in the dou ble-laycr free energy. Especially, when divalent counterions are 
added, the double-layer free energy is quite small and can not account for the fairly 
expanded nature of the monolayer isoltherms. The latter indicates a significant lateral 
interaction between the surfactant headgroups. 
It should be remembered that the surface potentials given m Table VIII are 
potentials at the OHP. The actual potential at the surfactant headgroups 1s quite 
different when a finite gap or a Stern layer exists between the OHP and the headgroups. 
The idea of a Stern layer has also been used by Ninham et al. (1983) to explain the 
u11u~ual µroperLie~ of didodecyl<lin1eLhyla1Iu11uuiuII1 liy<lruxide ve:;icles. The drop in the 
potential across the Stern layer is proportional to its thickness. Here the nature of the 
counterions plays a role, since the \vidth of the Stern layer should be related to the 
counterion size. \\7ith this, it can be explained \vhy nionolaycrs on a Na2C03 subphase 
are quite expanded, while the double-layer potential at the OHP is small. The 
introduction of small counterions like er leads to much higher double-layer potentials 
but gives contracted rnonolayer compression isotherrns. To quantify this n1atter further 
is only possible when the dielectric constant in the region beL\vecn the headgroups and 
the 01-IP is kno\vn. Force mcasurerr1enf.s cannot resolve this issue and only froin the 
analysis of the rr1onolayer cornpression isother1n can \Ve obtain an idea about t.hc actual 
headgroup size and headgroup interactions in a surfactant aggregate. 
1~he binJing constants are evaluated using the existing potentials at the 01!1">. 
J3cc:ause t}H' plane in \Vliich the countcrions bind is probably sorncwhat further in, it is 
clear that the procedure follo\V(~d here Lo obtain the inagnitude of the binding constants 
is 011ly an approxi1nation and this rnight ('Xplain \vhy t.hc 1<801 is apparently lower in a 
mixture of NaCl and Na2S04 than in a solution of Na2S04 only. 
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111 solutions of quaternary arnmon1un1 hydroxide surfactants, srnall vesicles arc 
forrned spontaneously which becon1e larger when, for cxarnple 1 bromide counterions arc 
added. The increase in the value of the geometric fact.or v /al, which is responsible for 
the vesicle growt.h, is as we now understand only partly due to the decrease of the 
double-layer free energy and probably mostly due to the decrease oft.he potential drop 
across the Stern layer. From the monolayer compression isotherms it can now be 
predicted that upon titration of hydroxide vesicles with Na2C03, the size of the vesicles 
should remain fairly constant. The stability of the vesicles against aggregation however 
should decrease due to the decrease in the double-layer repulsion. 
CHAPTER 7 
SUMMARY OF THE RESULTS AND 
POTENTIAL FOR FUTURE STUDIES 
7.1 SUMMARY AND CONCLUSIONS 
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The controlled deposition of a range of arnphiphiles on molecularly smooth mica 
surfaces now makes it possible to quantitatively study the forces between bilayers in 
aqueous electrolyte solutions. Simultaneous measuren1ents of the 1nonolayer 
compression isotherms give an idea of the equilibrium hcadgroup areas and the lateral 
interactions bet\veen amphiphiles in aggregates. 
\\le have seen that the interrnembrane interactions are determined mainly by the 
van dPr \\'nols force, the elec_Lrostatic clouhlP-layPr force and the short-range 
steric-hydration force. 'fhe van der \Vaals force is al\vays present and can (at least 
below D c= 40 A) be characterized by a value for the non-retarded Hamaker constant 
close to the theoretically expected value of 5-7 x 10-21 J (Parsegian and Ninham, 1970). 
The van der \\'aals force is screened in concentrated electrolyte solutions Lo about half 
it.s "full" strength, as was verified by rneasuren1ents on uncharged galactolipid bilayers. 
Only for the phospholipids PE and PC in pure water is the van der Waals Hamaker 
constant very small, viz. A= 1 .3 x 10-21 .), possibly the consequence of the presence of 
high concentrations of ionic groups on the bilayer surface which screen the van d('r 
Waals force at distances beyond the equilibrium bilayer separation. In these syste1ns, 
the magnitude of the adhesion forcP is again consistent with an "ordinary~1 
hydrocarbon-\vater Ila.maker const.ant 1 indicating that the screening of the van der 
\i\7aals force depends on the surface separation. 1'his is also expected theoretically 
(Mahanty and l\inharn, 197G). 
Double-layer forces exist whenever the arnphiphiles are charged or have acquired a 
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charge through ion binding. Monovalent cat.ions only show a small binding affinity to 
the phosphate groups in contrast to divalent cations like Ca2+ and Mg2+. There is 
clear evidence that the binding affinity of ions is correlated with the effective size of the 
hydrated ions in the way that the least hydrated ions bind strongest. For the 
phospholipids this becomes clear when Ca2+ is compared with Mg2+. In the case of the 
cationic quaternary an11noniurn surfactants, the sarne trend is found for monovalent 
anions. 
The double-layer force between two charged bilayers can be described satisfactorily 
by taking into account both the binding to the bilayers of and the screening of the 
surface charge through the electrolyt.e species present in the aqueous phase, and allowing 
the surface charge to regulate when the diffuse double-layers of both surfaces begin to 
overlap. As a rule, the experirnental double-layer force la\v is very close to the case in 
\Vhich the surfaces are supposed to interact at constant potential. A simple adsorption 
theory based on a rnass-action 1nodel is adequate for explaining the ion binding as a 
function of the electrolyte concentration and the surface separation. 
The intrinsic binding constants found for the binding of Ca2+ ions to the charged 
phosphate groups of Pr~, PC and PG could differ from each other by an order of 
magnitude. This indicates that the chemical micro-environment of the phosphate groups 
plays an important role with regard to the binding affinity of the cations. Of course, a 
clear change of micro-environment occurs \vhcn the phosphate groups on a PE surface 
are transferred to a l)C or J->G surface, but also a change in the phase state of PC and 
I)G bilayers sho\vs up in the rnagnitudc of the binding constants. 
For both the van der \Vaals and the double-layer force, there is no indication of a 
breakdoVv'Il of continuun1 theory at separations greater than about 25 A. Also at shorter 
separations, where we enter the rnolccular regirnc, there is no evidence of gross 
deviations (at least 111 thC' present systcn1s). The good agrccrncnt \vith theory is 
unexpPcte<l \vhe11 we rernc1nhcr that th(~ surface charge is considered to be srneared out 
hornogeneously, and in many cases the surface charge density is very sn1all. Discrete 
charge effects, \Vhcn the surface separation is less than the average distance bet\vcen the 
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surface charges, \Vould be likely f.o occur. True, sinall discrepancies between theory and 
experiment do occur below D c: 25 A which might be related to discrete charge effects, 
but here it is also possible that ion-ion correlation effects play a role. The deconvolution 
of these t\vo is not yet clear. Furthermore, there is no nePd to account for lateral 
interactions bet\veen the adsorbed ions, even not for I>c; bilayers in CaCI2 solutions, 
where almost 50% of the lipids carries an adsorbed Ca2+ ion. Pashley {1981) and 
Pashley and lsraelachvili {1984) reported that it was necessary to account for lateral 
interactions between adsorbed monovalent or divalent cations on mica surfaces. This 
was done by assigning an effective size to each adsorbed cation on the mica surface. 
Simultaneously, when ion adsorption occurred, a hydration force \Vas observed bet\veen 
the two mica surfaces. Both the distance-range of the hydration force and the occupied 
surface area of each adsorbed cation showed a correlation with the size of the hydrated 
ions. In the case of PG bilayers or DOA bilayers, no hydration force is measured, not 
even in concentrated electrolyte solutions. 
'fhe explanation for the absence of hydration forces between PG and DOA bilayers 
1s not. irnrnediately clear. A possibility is that the adsorbed ions sit between the 
headgroups, probably bridge-bind bct.\veen t\VO adjacent headgroups, lose rnost of their 
hydration water and together witli the charged headgroups create no or only a very 
small dipole moment. This is reinforced by the observation that the equilibrium bilayer 
separation between PG bilayers and DOA bilayers is only a few A, i.e. t.oo small to 
account for the presence of a layer of hydrated ions between the bilayers. On mica 
surfaces, the ions can not bridge bind and necessarily rnust create an out\vard dipole 
n1on1ent \vith tlic surface charges. It is the presence of a net dipole n1oment \vhicb, 
according to a sin1ulation study by Kjellander and ?\'larcclja (198f>b), causes a strong 
polarization of \vat.er 1nolecules in the dipole -fields near the surface~ leading to a 
hydration force \vhen t.lH' polarization becon1es disturbed. No doubt, the presence of 
dipolPs on Z\Vitterionic surfaces Inust also bP the pri1ne reason for the n1casured 
hydration force between PE or PC bilayers. 
'I'heories of the hydration force developed so far arc very n1odcl dt'pendent and 
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have not yet provided an unarnbiguous insight into the exact relation between the 
hydration force and the 1nolecular nature of the surface. The difference between the 
rneasured distance ranges of the hydration force between PC and PE bilayers has yet to 
be explained. 
From the observation that the effective van der Waals plane of origin of PE and 
PC bilayers docs not coincide with the anhydrous bilayer /water interface but is located 
about 5 A farther out per surface, we have concluded that the zwitterionic headgroups 
must have the ability to protrude into the \Vatcr phase (this also follows from 
spectroscopic data). The headgroup protrusion \vill give rise to an extra steric repulsion 
via excluded volume effects and contributes to the magnitude and distance range of the 
short-range repulsion. The cornparison of the distance range of the hydration force 
between bilayers deposited on mica and bilayers free in solution reveal that also 
thickness OuctuatioIIS and/or thern1al undulations of bilayers as a \Vhole increase the 
distance range of the hydration force bet\vecn free bilayers and hence the equilibriun1 
bilayer sPparation (especially for flui<l bilayers). 
Measuren1cnts of the 111onolayer compression isothern1s indicate that 111 general 
short-range interactions dominate the lateral interactions. 'I'hP degree of headgroup 
hydration can be found again when the monolayer con1pression isotherms of DPPE and 
DPPC (both in the gel phase) are compared and also when MGDG is compared with 
DGDG. The hydration differences become directly evident in the measurements of the 
short-range interbilayer forces. llo\vever 1 as \Ve have seen \vith the charged monolayers, 
specifically bound and free counterions can greatly change the lat.era! interactions 
between amphiphiles through (probably) bridge-binding aud/or Stern layer effects. 
They also induce changes in the intrrbilaycr interactions, but. \vhereas continuu1n theory 
adequately describes the latter, it is unable to account qua11tit.atively for the observed 
changes in the lateral interactions that accon1pany the ion binding. l<:vidcntly, the 
rnolecular nature of the headgro11p f<'gio11 \\'ith tlH' adsorbed rounterions rnust hP 
considered if one 1s to understand the co1nplex interactions at the bilayer water 
interface. From the theory of the self-assemlily of amphiphiles (israelachvili et al., 1980, 
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1985c), \VC kno\v that such interactions innuence the shape, size, polydispcrsity and 
phase state of the aggregates. 
No serious attempts appear to have been made to generally correlate 
intramolccular with intermolecular interactions because it is not readily apparent ho\v 
the forces bet\veen discrete rr1olecular groups on the surface relate to the forces bct\vcen 
two apposing surfaces (Israelachvili and Sornette, 1985). Siinple equations for the 
lateral electrostatic pressure \vithin the int,erfacial region, as derived by Payens (Eq. 
(32)) in which the surface charge is assumed to be uniform \vithout accounting for Stern 
layer effects and specific chemical effects, can only be expected to have a limited 
applicability. The incomplete understanding of steric and hydrophobic interactions in 
the interfacial region complicates rnatters even further. 
In spite of these difficulties, so1ne qualitative cor-relations bct\veen inter- and 
intra-aggregate interactions can be made. \Ve have seen that for uncharged amphiphiles 
(like Z\Vittcrionic lipids and galactoliµids), a correlation exists bet\veen the equilibrium 
headgroup area in a bilayer, and the repulsive pressure and adhesion force between t\VO 
apposing Lilaycrs. For ion binding to charged amphiphiles sin1ilar rorrclations can be 
dra\vn. \\lithin one lyotropic serif's, the> least hydrated ion binds st.ro11gest, increases the 
force of adhesion, decreases the duubl<'-la.yer repulsion and the equilibrium headgroup 
area and hence leads to the formation of larger aggregates. This has been found in many 
studies: rnonovalent anions (F- --J. er -+ I3r-) \.vith D01\ surfactants (Chapter 6), 
divalent ions (Co~--+ SO~) \vith D01\ surfactants (Chapter 6), monovalent cations 
(I ·+ "' ___, Na-1 -+ cs+) \Vith anio11ic alkyl sulphate surfactants as sho\vn by Jvlissel et al. 
{1982), and divalent cations {Mg2 t -+ C~a2 -1-) \vith l)(~ lipids according to a rno11olayer 
study by rfocanne et aJ. (197,1). }-)o\Ve\'er, for charged arnphiphi}es, a correlation 
between the effects on the intcraggr(•gate forces caused by rnonovalent counterions as 
cornparcd to the effects caused by di\'alcrit counLerions ren1ains difficult to make, since it 
dcepends Oll the system (e.g. PG versus DOA amphiphiles). 
7.2 l'OTISNTIAL FOR FUTURE STUDll':S 
1'he Langrnuir-Blodgett techuiqu(' for deposit.ion of a1nphiphiles on rnica offers a 
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broad range of possibilities for future sLudics. In Lhc biological area, phosphaLidylscrine 
{the rnost abundant charged lipid in animal cell 1nerr1branes), \\'hich contains an ionized 
phosphate group and an ionized carboxyl group in its headgroup, deserves investigation, 
as well as the gangliosides, \vhich have a branched chain of up to seven sugar units 
including sialic acid in their hcadgroup. The sugar residues arc kno\vn to contribute to 
the specific nature of cell surfaces; for instance, they are associated with blood-group 
specificities {Fukuda and Hakornori, 1982). 
In the area of surfactants, one can now study an extensive series of an1on1c, 
cationic and uncharged surfactants. The elucidation of their counterion specificity, 
which follows partly from the force measurements and partly from monolaycr 
cornpression isotherrns, is crucial to understand the phase behaviour of these surfactants 
in electrolyte solutions, and the design and stability of n1icelles, vesicles, microemulsions, 
etc. 
Soluble surfactants can easily be adsorbed from solution on rnica surfaces. Pashley 
and Israelachvili (1981) have done this for the eat.ionic cetyltrimethylammoniu1n 
bromide (CTAB) surfactants. Above the CMC a bilayer of CTAB molecules is formed 
on mica. liecause the rr1ica is negativc•ly charged, the dirc>cL adsorption of anionic 
surfactants fro1n solution 1s difficult if not in1possible. I-Io\vever, using the 
Langmuir-Blodgett technique, we can first deposit a hydrophobic rnonolayer of DPPE 
and then allo\v anionic surfactants to adsorb frorn solution as a second layer on this 
uncharged hydrophobic surface. 
VVith the Lang1nuir-Blodgett tPch11ique, it is also possible to deposit different 
surfactants on each n1ica surface, for exa1nple a cationic and an anionic surfactant. The 
study of the attractive electrostatic interaction bet\vcen the t\vo oppositely charged 
surfaces is of relevance to heterocoagulation. 
Discreteness of charge eff<'rt.s can be investigat.<·<l quantitativ('ly by increasing the 
surface charge syst<~Jnatically fro1n zero to full charg<' and Lh<'n 1neasuring the surface 
forces. One reliable \.vay t.o achiPve this, is to rnix J)i'v1PC; \vith Dl\ill">C in various ratios 
and letting the deposited bilayers interact at pl! 7 and T > 24 ° C. Under those 
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conditious, the l)h/IPG is fully charged and it is kno\vn that, unless divalent cations are 
present, the lipids do not phase separate and re1T1ain randomly mixed (Findley and 
Barton, 1978). Because monovalent ions like Na+, perhaps even I ·+ more JI , and 
certainly (CH3),1N+ only have a very low binding affinity (or none at all) to the lipid 
headgroups, the surface charge in monovalent electrolyc solutions is kno\vn a priori from 
the mixing ratio of the lipids. The theoretically expected double-layer force, assuming a 
uniform surface charge density, should then be compared with the experimentally 
rncasured forces in electrolyte solutions. The study of discrete charge effects in systems 
containing divalent counterions is rnorc difficult because virtually all divalent ions show 
a relatively high degree of binding to charged bilayers, and the surface charge density is 
not kno\vn independently any rnorc. A prornising divalent cation that might be used is 
probably the bulky dimethonium ion (CH 3 ) 3 N(CH 2 ) 2 N(CH 3 )~+, which according to 
McLaughlin et al. (1983) only screens and does not bind. A knowledge of discrete charge 
effects on the interbilaycr interaction is irnportant to quantitatively estin1ate binding 
constants in systerns \vhere ions do bind to the surfaces (as \Ve have seen, the surface 
charge density is usually quite srnall in those syste1ns) and to recognize 1on-1on 
correlation effer:ts. Rerncrnbcr that in the present study, the' forcc-la\VS were always 
analysed \Vith continuum double-layer theory. Except at bilayer separations less than 
25 A, the theoretical fits \Vere ahvays very good and it is not obvious that any 
substantial discrete charge and/or ion-ion corf('lation effects exist. According to the 
theory of Kjellander and i\'1arcclja ( 1985a)) ~ ion-ion correlation effects exist only when 
the bound count.erions are laterally rnobile on the surfaces; any restriction on the 
mobility \Vould diminish the attractive ion-ion correlation interaction. 
It is clear, that the J,angmuir-13lodgf'tt technique offers a unique possibility to 
change the chcn1ical nature of rnol('cularly srnooth surfaces cotnplctely. By depositing a 
Dl> J->E rnonolaycr, the rnica surface is replaced by a hydrocarbon surface. Hydrocarbon 
surfac<~s have already been used st1c:cessfully to nicasure the long-range hydrophobic 
interaction in \\'ater (Claesson et al., unpublished \vork) and to study the oscillatory 
solvation forces bct\veen hydrocarbon surfaces 1n organic liquids (Christenson, 
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unpublished \vork). Instead of a l1ydrocarbon surface, one can obtain a fluorocarbon 
surface by deposition of a layer of fluorocarbon surfactants on mica. 
The ability to change the nature of the surfaces is particularly interesting when 
one is interested in the interactions between adsorbed polymers on various surfaces in 
aqueous or organic solvents. The amount of adsorbed polymer and the polymer 
conforrnation on the surface in terrns of the so-called trains, loops, and tails, depends on 
the interaction of the polymer segments with the surface. The surface can be changed 
from completely hydrophobic (DPPE monolayer) to hydrophilic (deposition of a DPPC 
bilayer or DGDG bilayer). When one is dealing with the adsorption of polyelectrolytes, 
the adsorption energy of a polyelectrolyte segment. is regulated by a suitable choice of 
the sign and magnitude of the charge density on the bilayer surface. It is known 
(Scheutjens 1 1985) that the conforn1ation of the adsorbf'd polymers influences the range 
and magnitude of the forces between two polymer coated surfaces. The modulation of 
these forces is most relevant to the understanding of pheno1nena like steric stabilisation, 
poly1ner bridging 1 and/or flocculat.ion of polyn1er coated colloidal particles. 
1"hus, the present work and techniques are seen to contain a broad spectrum of 
future possibilities that arc potentially of great value in aqueous rnedia and non-aqueous 
media. Hopefully, the next few years will see the completion of further systematic 
studies which, no doubt, have the potential to yield a large number of new and 
interesting results. 
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